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L. Summary of Progress

In the first year of this study the near-cathode plasma region was investigated through an axial
emission diagnostic. A collisional-radiative model was developed to predict the radiant emission
along the axis of the arcjet. This numerical work was supplemented with measurements of the
axial emission spectrum, leading to the determination of electron number densities in the arcjet
constrictor as a function of both radial position and specific power. These measurements were
performed on both a low power (1 kW) and medium power (5 kW) hydrogen arcjet thruster.

During the second year of this contract, we focused on two areas: 1) a study of the arc and its
interaction with the electrodes, and 2) the measurement of plasma properties at the arcjet exit
plane for the validation of arcjet models. The former research area was concerned with the
physics of the arc, including an understanding of the arc stability, arc current density distribution
and both anode and cathode attachment mechanisms. The latter area involved two optical
diagnostics, emission and Raman spectroscopy, used to measure exit-plane plasma properties.

In the final year of the contract three new studies were initiated: namely, optical imaging of the
electrodes for temperature and arc attachment measurements, laser-induced fluorescence
measurements of atomic hydrogen velocity within the arcjet nozzle, and stagnation pressure
measurements in the arcjet plume. This final report summarizes these three studies; summaries
of the previous studies can be found in the previous annual reports.

The arc-electrode interaction was studied experimentally through our electrode imaging work. In
this study the cathode was imaged on a CCD camera which provided a means of directly
measuring in-situ cathode temperature profiles. This in turn permitted a measurement of the
cathode spot size and the arc current density distribution at the cathode surface. The anode
temperatures were estimated from the imaged emission from the interior of the anode surface.
Laser induced fluorescence was performed on the atomic hydrogen Balmer-alpha transition in
the plasma in the interior of the arcjet nozzle. Axial velocities were measured from the Doppler
shift of the linecenter relative to an stationary plasma source. In the plasma plume, stagnation
pressure profiles were taken using a water-cooled Pitot probe, and these profiles were converted
into Mach number profiles assuming a constant static pressure.

These studies are discussed in this report and the results have been presented in recent
publications. Copies of these publications are given in Appendix L

I1. Imaging of the Arcjet Electrode Regions

Arc-electrode interaction is the main determinate of arcjet performance and lifetime. The
position of the arc and the geometry of the arc attachment at both the cathode and anode govern
the electrode material temperature profiles and power transfer efficiency to the propellant. The
electrode temperature profiles control thruster lifetime due to material loss and deformation. The
energy transfer from the arc to the propellant determines the performance potential of the arcjet.
Therefore, knowledge of the physical nature of the arcjet electrode region is quite important for
prediction of arcjet lifetime and performance.

Measurement of electrode temperatures and arc attachment is difficult due to the harsh chemical
environment in these regions. Previous studies have been conducted where various in-situ




measurements were obtained for arc attachment and cathode temperatures. Segmented anodes
where used to measure arc anode-attachment for different types of arcjet geometries.” In these
studies information was obtained showing that the arc anode-attachment can either be diffuse
when the attachment is downstream of the nozzle throat in a low pressure region, or the arc
attachment can be a constricted-spot attachment when the attachment is upstream of the nozzle
throat in the high pressure region. However, questions remain as to the disruption of the arc
caused by anode segmentation. Imaging of the electrode region of an exposed cathode plasma
device similar to an arcjet has been performed on-axis and normal to the flow direction.” This
study was at higher powers and with larger electrode geometries than normally used with state-
of-the-art arcjets. Axial emission measurements have also been presented for both low and
medium power arcjets.”” From these measurements various parameters were calculated
including cathode temperature and electron number densities at the center of the arcjet (cathode
tip, center of anode throat).

The purpose of this investigation is to develop a non-intrusive in-situ measurement technique for
on-axis spectral imaging of the electrode region of a conventional arcjet. A large field of view
and high spatial resolution were desired. This technique allows measurement of both cathode
and anode temperatures, cathode spot size, and may provide anode attachment geometry
determination. The electrode imaging study is described in paper AIAA-95-1957 (Appendix I).

A high-resolution (12 um per pixel - 384 x 578 pixel area) CCD camera coupled with a tele-
microscope was used for these measurements. Optical access to the arcjet was attained through a
3" window downstream of the arcjet exit plane in our low-power arcjet vacuum facility. The
end-on view of the arcjet provided optical access to both the cathode tip and the diverging side of
the anode/nozzle. The arcjet observed was a typical NASA Lewis 1 kW modular arcjet design.
The arcjet nozzle had a throat diameter of 0.635 mm and an exit diameter of 9.5 mm (225 area
ratio). The cathode tip was conical in shape with a 30 degree half angle. A CCD camera and a
tele-microscope were the major components of this system. The tele-microscope had a focal
range of 36" to 96" with magnification of 17x (at 36") and 7x (at 96"). The advantage of this
device for this application was its large field width, 10 mm (at 36") and 23 mm (at 96"). With
other lenses and attachments the magnification could be increased. The camera has 14 bit A/D
conversion, and exposure time range of 5 ms to 23 hours, a readout rate with 100 kHz capability,
and a shutter time of 5-6 ms. For viewing of the continuous radiation from the cathode tip, an
RG-665 color glass filter was used to eliminate the majority of the radiation from the hydrogen
plasma. The Hg hydrogen line of the plasma was also viewed separately by using interference
filters corresponding to the line center wavelength, 656.3 nm = 5 nm.

Electrode images were obtained during arc operation by acquiring the emitted continuum
radiation. From these images, the cathode radial temperature distribution and the cathode spot
size could be measured. The cathode temperature was calculated from comparison of the
cathode tip local radiation, for various arcjet operation levels, with calibrated data obtained from
a tungsten arc lamp. Given the temperature distribution, other properties can be determined such
as the current density distribution along the cathode, the cathode spot size, and electric field in
front of the cathode.

The temperatures were obtained from calibration of a graybody source at known temperature.
The CCD signal was converted to graybody intensity using the calibration. This graybody
intensity was then converted to a blackbody intensity using an emissivity of 0.4. The
temperature was then calculated from the blackbody intensity using the equation which relates
these two values, the Plank distribution. Due to the lack of information on tungsten emissivity at
temperatures higher that 2600 K, a constant of 0.4 was used. This assumption will introduce




slight errors in the temperature calculation. If accurate emissivity data where available it would
be possible to iterate on the temperature to get more precise values.

Figure 1 illustrates a typical temperature profile obtained from an image of the cathode at a
specific power of 101.2 MJ/kg. The profile is a cross-section through the center of the nozzle.
The origin is the local center, determined by choosing the location of the peak temperature, and
does not necessarily correspond to the exact geometric center of the cathode tip. The errors in
temperature have been calculated to be approximately + 80 K near the cathode and + 200 K in
the anode regions, beyond radius of approx. 0.3 mm.

Figure 2 shows the calculation of current density for the temperature profile shown in Fig. 1.
Two current densities are shown in this figure, the current density for a purely thermionic
emitting cathode and the current density for a field-enhanced thermionically emitting cathode.
Previous researchers® have suggested that the cathodes in these types of devices emit electrons
based on the principle of field-enhanced thermionic emission. The work function assumed for
pure tungsten was based on previous experiments which showed that the thorium in the cathode
migrates out of the cathode tip and after short operation times the cathode tip is left with virtually
no thorium.® This cathode had been run extensively, therefore, it was expected that the cathode
tip was pure tungsten. Based on the temperature distributions it is possible to calculate the
current density at each radial location where there is a temperature value. The integral of current
density times the differential area gives the total enclosed current. The electric field is then
varied until the total enclosed current matches the measured current of the arcjet.

The results indicate that the measured peak temperatures are in the range from 4000-4200 K.
These values are above the melting point of tungsten which could be due to the fact that the
cathode tip is expected to be molten and the molten pool could be at a superheated temperature.
The electric fields calculated are on the order of 3.0x108 V/m. The error on these values was
calculated to be + 1.0x108 V/m. These electric fields are on the same order of magnitude as
values previously reported.”” These fields can be shown to be order-of-magnitude-correct by
looking at what cathode fall voltage arises with these field magnitudes. As an example, for the
data presented in Fig. 2, the electron number density in front of the cathode is expected to be
approximately 4.0x1023 m-3.5 If a plasma temperature of 10,000 K is assumed, the Debye length
is approximately 1.0 um. Assuming the plasma sheath thickness in front of the cathode is on the
order of the Debye length, the cathode fall voltage would be on the order of 4 Volts. This agrees
well with what is expected for high pressure discharges."

It should be noted that these field ma%nitudes should be considered as upper limits to what might
actually exist. Fields in excess of 10/ V/m start to distort the potential barrier at the electrode to
the extent that electron tunneling through the barrier becomes significant. This tunneling
phenomenon, commonly referred to as field emission, becomes important when the thickness of
the barrier approaches the wavelength of the free electrons in the tungsten electrode. In essence,
the mechanism for current transfer from cathodes in these arcjets may be more complicated then
previously thought.

II1. LIF Measurements of Atomic H Velocity in the Arcjet Nozzle

As arcjet thrusters have advanced from laboratory devices to in-flight operational thrusters for
satellite north-south station-keeping, there has been an increase in interest in improving arcjet
efficiency and operating range. These improvements will be obtained primarily through
advanced analytical modeling of arcjets; however, the validation of the models can only be




performed by comparison with experimental measurements of operating parameters and plasma
properties. During the past several years a number of optical diagnostics have been developed to
investigate properties in the plasma plume of the arcjet. Primary among these diagnostics is
laser-induced fluorescence (LIF), which has proven very useful due to its abundant signal level,
very good spatial resolution and specie-specific nature. Plasma properties in the plume of an
arcjet thruster operating on a variety of different propellants have been measured using LIF.
Liebeskind et. al. measured atomic hydrogen translational temperature and velocity at the exit
plane of a 1 kW hydrogen arcjet thruster,"' and investigated slip velocity by the fluorescence of
helium in a helium-seeded hydrogen arcjet.'”” Ruyten and Keefer measured velocity in an argon
plume of a 0.3 kW arcjet,"” and Ruyten et. al. performed LIF on atomic hydrogen and nitrogen to
measure velocity in a 1 kW arcjet plume using simulated ammonia as the propellant.”® Recently,
Pobst et al. measured ground state atomic hydrogen density, temperature and velocity profiles at
the exit plane of a 1 kW hydrogen arcjet using pulsed two-photon LIF."

Although LIF has been successfully applied to arcjet thrusters as a plasma plume diagnostic, it
has not previously been used to investigate plasma properties within the nozzle due to geometric
constraints and reduced signal-to-background noise ratios. Optical studies of the plasma in the
interior of the arcjet were previously performed only in emission; a summary of such work is
presented in Ref. 16. An analysis based on collisional-radiative modeling suggested the
feasibility of applying laser-induced fluorescence to the plasma in the interior of a low power
hydrogen arcjet.'” This study is the first use of laser-induced fluorescence for spatially resolved
plasma velocity measurements within an arcjet nozzle. The arcjet was operated on a propellant
of pure hydrogen. Fluorescence was performed on the Balmer-a transition and axial velocities
were measured from the Doppler shift of the spectral linecenter. The arcjet operating conditions
have been chosen to facilitate a comparison between these measurements and arcjet modeling
results of Butler et. al."®"’

The fluorescence excitation was provided by a continuous wave ring dye laser pumped by an
argon-ion laser. Dye laser output up to 200 mW was obtained with a pump laser power of 4 W.
Scanning the ring dye laser was performed with a tunable, piezoelectrically driven intracavity
etalon. The laser beam was directed axially into the plasma in order to probe the interior of the
arcjet nozzle and to use the nozzle as a beam dump. Consequently, the axial velocity component
was measured from the Doppler shift of the line. The fluorescence was collected at an angle of
16 degrees from the arcjet axis, and detected with a photomultiplier tube. The spatial resolution
was approximately 0.6 mm in the axial direction and 30 mm in the transverse directions, as
determined by the laser beam waist and the collection optics. The spectral resolution was 4x10™
nm. By translating the arcjet axially and radially, fluorescence was obtained along the arcjet
centerline as well as radially at a few axial positions. A fraction of the excitation laser beam
from the dye laser was split off and sent to a photodiode detector and a wavemeter to monitor the
laser intensity and wavelength. Since the fluorescence signal was considerably smaller than the
background emission, phase-sensitive detection was performed by mechanically chopping the
excitation beam and detecting the signal with a digital lock-in amplifier. Noise at the chopping
frequency, due mainly to scattered laser light in the arcjet, was the primary limitation in
obtaining a significant signal in regions of weak fluorescence. Velocity measurements were
obtained along the axis of the nozzle from the exit plane to within 1.5 mm of the throat, at which
point the LIF signal became lost in the background of scattered laser light. The recorded
fluorescence signal was normalized by the photodiode output to account for variations in the
laser power during the scan. The wavelength was determined from the output of the wavemeter.
The Doppler shift of the linecenter was accurately determined by fitting the measured lineshape
with a Gaussian profile.




Measurements of axial velocities along the nozzle centerline and along three diameters are given
in Figs. 3 and 4 respectively. The axial position is defined as zero at the exit plane and negative
into the nozzle. Hence, the nozzle throat is located at -12.1 mm. The centerline velocity is seen
to drop monotonically from a peak of approximately 17.5 km/s at 1.3 mm downstream of the
throat to around 12 km/s at the exit plane. Since no other measurements of velocity have been
made within the arcjet nozzle, the results can only be compared to the arcjet model of Butler et
al.’® The results of two versions of this model are shown in Fig. 3. One version includes mass
diffusion terms in the species momentum equation, while the other does not include such terms.
There is remarkably good agreement between the measurements and the former model, clearly
indicating the importance of including diffusional processes to correctly model the transport of
heavy species in the plasma. This is not surprising considering the large radial gradients in
plasma properties within the nozzle.”

Fig. 4 displays radial profiles of the axial velocity measured at three axial positions within the
nozzle (2.54, 5.08, and 6.35 mm from the exit plane). The LIF signal intensity dropped off
quickly with radial position, indicating a rapid radial decrease in the n=2 excited state number
density of atomic hydrogen. This loss in signal restricted the measurement domain to within
approximately 2 mm of the nozzle centerline. The dashed lines in the figure are the model
results at the same axial locations as the measurements. The measurements and the model show
remarkably good agreement; however, the measured velocities are somewhat greater than those
of the model away from the arcjet centerline. Although the centerline velocity decreases axially,
the velocities away from the centerline increase with axially position. Since most of the mass
convection occurs in this outer region, the total kinetic energy of the flow is clearly increasing
downstream, as is expected in a supersonic diverging nozzle.

This LIF work is summarized in paper AIAA-95-2381 in Appendix I. At present, experiments
are underway to perform a more comprehensive study to map the velocity flowfield at various
arcjet specific energies for both hydrogen and simulated hydrazine propellants.

Iv. Stagnation Pressure Measurements in the Arcjet Plume

Due to their high specific impulse and moderate thrust levels, arcjet thrusters are playing an
increasing role in satellite propulsion. Existing and planned applications include arcjet thrusters
for station-keeping and on-orbit maneuvering. Low power hydrazine arcjets are now in use on
the TelStar IV class of communications satellites and the first space test of a high power arcjet
will be launched in 1996 under the Air Force ESEX program. Arcjet technology is steadily
improving as our understanding of the physics governing their operation increases. Efforts that
combine both experimental and theoretical studies are necessary in order to build reliable models
of arcjet performance that can be then used as design tools for next generation thrusters. These
next generation thrusters will extend the envelope of low power arcjet operation to higher
specific impulse. This study is motivated by the need to measure arcjet flow properties that can
be used to verify the predictions of performance models. In this study, we discuss the results of
Pitot pressure measurements in the plume of a low power arcjet thruster. These results are
presented in Appendix I in paper AIAA-95-2818.

There have been only a few reported studies that have used Pitot probes to understand the
behavior of electrothermal thruster plumes. A study performed by the McDonnell Corporation in
the 1960's examined the impact pressure on a Pitot probe in the plume of several 30 kW class
hydrogen arcjets.”’ A more recent study by Penko, et al, examined the plume of a nitrogen




resistojet with a Pitot probe for verification of direct simulation Monte Carlo (DSMC) and
Navier Stokes continuum models.” To our knowledge, no such measurements have been
published on low power hydrogen arcjets. Therefore, pressure measurements with several Pitot
probe geometries were performed for both cold and arc heated flows in the plume of a low power
arcjet. The results were compared to arcjet models available in the current literature. These
include DSMC calculations for un-ignited (no arc) hydrogen flow, and a magnetohydrodynamic
(MHD) continuum model" for ignited flow in an arcjet of the same geometry. These results also
complement the many non-intrusive spectroscopic studies that have been performed on this low
power hydrogen arcjet plume that have provided measurements of velocity,"' translational
temperature,'" rotational temperature,** and hydrogen number density.”

Pitot pressure measurements were performed for both cold and arc heated flows with several
probe geometries. Resulting measurements were compared to numerical models available in the
literature. These models included a direct simulation Monte-Carlo model (DSMC) of cold flow
and a magnetohydrodynamic (MHD) model of arc heated flow. Cold flow Pitot pressures
exhibited complex behavior not completely described by the model. Since differing probe
geometries resulted in variations of certain flow features, some of the observed phenomena may
be due probe-flow interactions or rarefied gas effects.

The Pitot pressure measurements of arc heated flow agreed well with the results calculated from
the MHD model. Figure 5 compares the Pitot pressure cross-section for an arcjet power of 1.4
kW to the calculated Pitot pressures from MHD model simulations,’” The Pitot pressure was
calculated using three different ratios of specific heats; the first (1.40) to simulate no vibrational
excitation, the second (1.33) to simulate full vibrational excitation, and the third (1.25) to
simulate vibrational over-excitation by a factor of two. If effects due to rarefied flow are
neglected, there is very good agreement between the experimental data and the model. The peak
Pitot pressure is bracketed by the Pitot pressures calculated from the model results. There may
be evidence of vibrational over-excitation in the wings.

If the model stagnation pressures are used to calculate a shock strength, the local Mach number
may be determined from the measured Pitot pressures. Figure 6 shows the resulting Mach
numbers using the Pitot pressures and assuming fully excited vibrational state (k = 1.33)
compared to the Mach numbers from the MHD code. The agreement is good and shows that the
results are self consistent. The root finder was not able to converge on a Mach number beyond a
radius of approximately 3.25 mm. In this region, analysis of the data showed that the MHD
model stagnation pressures were slightly less than the measured Pitot pressures.

Figure 7 shows the plume Pitot pressure field for a power of 1.5 kW. The plume pressures
appears symmetric and there is no evidence of a shock in the first 25 mm downstream of the exit
plane. Assuming that the plume core flow is isentropic, the Pitot pressure along the center line
can be used to determine plume temperatures. The procedure is to use a constant stagnation
pressure, equal to the maximum calculated at the exit plane by the MHD model, and the
measured Pitot pressure. Assuming full vibrational excitation (k = 1.33), these quantities allow
us to determine the local Mach number. Using reliable axial velocity data for the same arcjet (at
a slightly lower power of 1.43 kW) from Liebeskind et al.,'' a temperature can be extracted from
the calculated Mach number. The resulting temperatures are plotted in Fig. 8 along with laser-
induced fluorescence (LIF) based temperatures also measured by Liebeskind, et al."' As seen in
this figure, the LIF temperatures are higher than those determined from the Pitot pressure
measurements. However, it has recently been discovered that Stark broadening of the laser-
probed transition was not taken into account in the study of Ref. 11. Correcting for Stark
broadening, which will be significant only at the higher apparent temperatures, would lower the
LIF temperatures at the exit plane to values that would be in close agreement with the




temperatures inferred from the measured Pitot pressure.” Further downstream from the exit
plane, the agreement between the two temperatures is certainly apparent. At a distance 18 mm
downstream of the exit plane, Liebeskind et al. found evidence of a shock. No evidence of a
shock was found in the plume Pitot pressure field. It is not certain whether this is due to the
perturbation of the probe in the plume flow or to the slightly higher power level used in these
measurements.
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Abstract

A numerical and experimental investigation of the axial emission of a 1 kW class radiatively-cooled
hydrogen arcjet thruster is presented. The numerical study consists of an integration of the 1-D radiative
transfer equation along the arcjet centerline to predict the axial emission spectral intensity. A collisional-
radiative model using plasma property inputs from a one-fluid MHD model is used to determine the atomic

hydrogen line emission.

The complete visible spectrum is predicted and compared to experimental

measurements. The calculated spectrum indicates the possibility of measuring the cathode temperature and the
arc electron number density. Axial emission measurements were performed and the results indicate a cathode
temperature of approximately 3300 K at a power of 1.51 kW. The near-cathode electron number density was

measured and found to increase linearly with arcjet power.

Introduction

During the last several years there has been an
evolution of arcjet technology from laboratory
devices to flight qualified thrusters.! As arcjet
propulsion systems near deployment, interest in
improving performance has intensified. To prove
competitive with chemical propulsion systems, the
arcjet must deliver 1000 s of specific impulse at 35
to 50 percent efficiency.2 However, efficiencies
approaching 50 percent at high specific impulse
have not yet been achieved. The future design of
more efficient and reliable thrusters capable of
optimum performance requires a better
understanding of the physical processes governing
arcjet operation through a combination of
experimental diagnostics and analytical modeling.

Several studies have been conducted to
investigate arcjet performance under different
operation conditions, electrical configurations and
geometries. However, understanding the physical
processes governing the arcjet operation requires a
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detailed knowledge of the plasma properties
everywhere in the flow field. A great deal of
research has been conducted to measure the flow
properties in the plume of the arcjet thruster using
electrical and optical techniques.3-10 Much less is
known about the properties within the nozzle of the
arcjet, yet it is here where the plasma behavior
controls the arcjet performance. Most of the
investigations into the plasma properties within the
nozzle have been numerical,!!-13 while only a
limited amount of experimental data has been taken
in this region of the arcjet.!4 While numerical
models of the arcjet are extremely useful, their
accuracy can be judged only by comparison with a
large body of experimental data. Therefore, a need
clearly exists for further experimental
investigations into the plasma properties within the
arcjet nozzle.

This paper presents the first results in a new
experimental program at Stanford University to
investigate the physics of the arcjet in the near-
cathode region. In this study, plasma properties
within the arc are investigated by the axial emission
of atomic hydrogen. An attempt is also made to
directly measure the cathode temperature by
radiative emission. This research consists of both a




numerical prediction and the experimental
measurement of the axial emission spectrum.

Modeling of the Axial Emission

The emission spectrum of a hydrogen arcjet
consists of atomic and molecular hydrogen line
emission, continuum plasma emission from the free
electrons, thermal emission from surfaces, and line
emission from tungsten and thorium vaporized
from the cathode. In this study, the emission
spectrum emanating from the arcjet along. its
centerline is investigated. Here, the kinetic
temperature is sufficiently high to fully dissociate
the hydrogen, and hence no contribution to the
spectrum from molecular hydrogen is expected.
Furthermore, the only surface which can radiate
directly along the axis of the arcjet is the cathode
surface; therefore, the plasma emission would be
superimposed on a background of graybody
emission from the cathode. Finally, to simplify the
calculation of the emission spectrum, the metal
vapor concentration is assumed low enough that its
emission can be neglected relative to that of the
atomic hydrogen and free electrons.

The axial emission spectrum was calculated by
integrating the one-dimensional radiative transfer
equation along the centerline of the arcjet,
beginning from the tip of the cathode. In steady-
state, the one-dimensional radiative transfer
equation is!5
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where the directional spectral intensity, I, , is the
radiant power per unit area, per unit solid angle, per
unit wavelength interval,!6 and £, and k; are the
plasma spectral volume emission and absorption
coefficients, respectively, which include
contributions from both the atomic hydrogen and
the free electrons. The atomic hydrogen
contribution involves line radiation from transitions
between upper state j and lower state i, for which!5
. he?
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where A, B; and B;; are the Einstein coefficients
and @} is the spectral lineshape function, subject
to the normalization condition
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For an equilibrium plasma, the number densities n;
and n; are determined from a Boltzmann
distribution of the atomic state populations.
However, as the plasma in the arcjet may not be in
equilibrium, the number densities of the ground and
excited states are calculated by solving the
conservation equation for each state. Since the
generation of excited states is by inelastic
collisional and radiative processes, the process of
calculating the state number densities requires a
collisional-radiative model!” and is described in
detail in the following section.

The spectral lineshape function @} is
determined by the broadening mechanisms.!8 The
dominant broadening mechanism under the plasma
conditions in the arc column is Stark broadening.
In general, the Stark lineshape depends on the
electron number density, temperature and, to a
large extent, the particular electronic transition.!8
However, to simplify the calculations, it is often
approximated by a Lorentzian function, to which it
fits particularly well in the wings. In this study, the
atomic emission lineshape was taken to be a
Lorentzian function whose HWHM is identically
equal to the Aq,, Stark broadening parameter.!
Since this parameter is obtained through the
convolution of both Stark and Doppler broadening,
the present calculation includes Doppler
broadening in the determination of the line width,
but does not correctly account for Doppler
broadening in the lineshape. However, as the
results indicate, the Stark broadening overwhelms
the Doppler broadening for conditions in the arc
and therefore this simplification is justified.

The contribution to the plasma spectral emission
and absorption coefficients from the free electrons
include continuum radiation from free-bound
electron-ion interactions, and bremsstrahlung
radiation from free-free electron-ion and ¢lectron-
atom interactions.2® The total volume emission
coefficient for these three processes is given by?!
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In these expressions, g; and Q" are the ion ground
state degeneracy and partition function,
respectively, & and &7 are the Biberman
factors,22 and Q% is the elastic collision cross
section. The constants are

€, =1.63x107¥ Wm*K" /sr
and
C, =1.026x107* Wm? K'¥ /st

The corresponding speétral absorption coefficients
for these processes are determined from the
principle of detailed balance.??

Having obtained the sum of the spectral volume
emission and absorption coefficients at every
wavelength, the 1-D radiative transfer equation was
numerically integrated along the centerline of the
arcjet using a Crank-Nicolson implicit integration
scheme?4 for stability and accuracy with reasonable
step sizes. The graybody emission intensity from
the cathode was used as the initial condition. The
Doppler shift was taken in to account as the radiant
intensity was being emitted and absorbed by the
plasma with an axially varying velocity.

The Collisional-Radiative Model

As previously indicated the number densities
are calculated by solving an n-level collisional-
radiative model.l”7 This model consist of the
steady-state continuity equation for the n-1 excited
states,

V-n,u, [ o ]CR ©)
for m=2..n, where u, is the velocity of excited
state m. The production term is the net generation
of excited state species by inelastic collisional and
radiative processes.25 In the stationary-state
approximation, only the ground atomic state and
ion have non-zero convection terms. Hence, the
convective flux term for each excited state is zero,
and we have
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These processes include electron collisional
excitation, de-excitation, ionization, three-body
recombination, radiative recombination, and
spontaneous emission. For the purpose of excited
state number density calculations, photoionization
and stimulated emission and absorption are
neglected. An exception to this, however, is the
treatment of resonance radiation since the ground
state may be sufficiently populated for significant
reabsorption to occur. This is taken into account by
correcting the Einstein 'A’ coefficient by an
adjustable Holstein radiation escape factor.26 The
n-1 excited state continuity equations are then
written in full as
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where K, and K, are the electron collisional
excitation and ionization rate coefficients, ﬁg,) and
g,’ are the electron collisional three-body and
radiative recombination rate coefficients, and ¥,
is the Holstein escape factor for radiation between
states j and m. The escape factors are unity except
for those corresponding to transitions terminating
on the ground state, ¥j, which accounts for
resonance radiation trapping. The present model
uses the semi-empirical approximations for K.,
K,., and B from Johnson” while B is
determined from K, by detailed balance.” The
spontaneous emission coefficients, A,;, are
obtained from the literature.?8 The collisional
excitation rate coefficients are very close
approximations to the Seaton rate coefficients.2

The preceding set of equations, combined with
the equation of state,

p= kT + kT +nkT, ©)

are solved for the atomic state populations, n,,
given the pressure, kinetic temperatures, and
electron number density. These properties were
obtained from a one-fluid MHD numerical model
of the arcjet developed at Olin-Rocket Research
Company.30 The MHD model, incorporating finite
rate ionization and dissociation, was run to simulate




operating conditions of 1.5 kW arcjet power and a
hydrogen mass flow rate of 13 mg/s. As a single
fluid model, a unique kinetic temperature was used
for both the electrons and heavy particles. The
model outputs, shown in Figure 1, provided the
numerical inputs to the collisional-radiative model.
The axial velocity is also shown as it was required
as an input in the calculation of the spectral
Doppler shift.

For the present calculations, the collisional-
radiative model includes the lowest nine hydrogen
atomic states and the continuum state. Neither the
grouping of states nor the reduction. of the
ionization energy was performed. However, as a
test of the model's accuracy, the excited state
number densities were determined using an
improved collisional-radiative model incorporating
the reduction of the ionization limit due to Debye
shielding: In this model, the number of levels used
in the calculation was determined by assuming that,
as a result of Debye shielding, a "bound” electron at
one Debye length from the nucleus is essentially
free. Hence, only the levels within a Debye length
of the nucleus were considered bound levels, and
the continuum state was consequently reduced in
energy to the level beyond the last bound state.
Using the plasma properties at several different
axial positions, differences of only a few percent
were observed in the lower excited state number
densities between the present nine level model and
the improved collisional-radiative model.

Finally, since the ground state number density is
calculated from the equation of state, no provision
is made for photoionization from the ground state.
However, this process may be important in the
ionizing region of the arcjet, and therefore the
model is presently being improved to incorporate
ground state photoionization.

Modeling Results

Before examining the axial emission spectrum
predicted by the model, it was first necessary to
determine the effect of resonance radiation trapping
and to test the validity of the stationary-state
approximation. Figure 2 shows the number
densities of the ground state and the first three
excited states of atomic hydrogen calculated from
the model as a function of axial position along the
arcjet centerline. The abscissa origin is located at
the arcjet throat. Negative axial position
corresponds to the converging near-cathode region,
while the expanding nozzle flow is in the positive

axial position. The exit plane is located at
approximately 12.1 mm. The left plot shows the
results with all radiative transitions optically thin,
while the right plot shows the results with fully
trapped resonance transitions. The only significant
difference in the number densities appears in the
expansion region of the nozzle for the n=2 excited
state. In the recombining nozzle region, the
trapping of the resonance radiation results in a
barrier to transitions to the ground state and hence a
buildup in the n=2 excited state number density.
The other excited states are not affected
significantly because they are able to radiate to
lower states. As would be expected, the radiation
trapping has no effect in the near-cathode region of -
the flow where the plasma is ionizing.

To test the validity of the stationary-state
approximation, the convective flux terms in Eq. 6
were included but simplified to axial gradients only
based on a 1-D approximation. With this
simplification and no species diffusion velocity, the
continuity equation for the excited states is

du dn dn
n, —%+u, — %= —2 1
dz dz [ dt ]CR (10)

The second term was found to be considerably
smaller than the first term and was therefore
omitted from the equations for simplicity. With the

-simplified convective fluxes included, the number

densities were determined as a function of axial
position and no change from Figure 2 was found
anywhere in the flow. This provided the validation
of the stationary-state approximation.

After having determined the axial distribution of
the excited stated number densities, the axial
emission spectrum was calculated by integration of
the equation of radiative transfer. Figure 3 shows
the Balmer alpha emission lineshape at three axial
positions between the nozzle throat and the exit
plane. The initial condition on the intensity was
that of graybody radiation from the cathode at a
temperature of 3700 K and an emissivity of 0.4.
The left plot shows the integrated intensity with all
radiative transitions optically thin, while the right
plot shows the results with fully trapped resonance
transitions. The evolution of the spectral lineshapes
are identical throughout the inner part of the nozzle,
but differ considerably at the exit plane (z=12.1
mm) due to the effect of resonance radiation
trapping on the n=2 number density in the
expansion flow. The increased n=2 population
associated with the trapped resonance radiation




resulted in significant reabsorption of the Hy line
center radiation (right plot). Relative to the broad
emission background lineshape, this reabsorption
feature is both narrower, due to the lower electron
number density in the expansion region, and shifted
off-center, due to the lower axial velocity. The
shift, however, is small and almost imperceptible.
In the case of optically thin radiation, the lower n=2
number density results in further emission in the
expansion region rather than reabsorption (left
plot); however, this "cold" emission feature is
similarly narrowed and shifted. Figure 4 shows the
Balmer alpha lineshape at the exit plane for
different values of the resonance radiation escape
factor from no trapping to fully trapped. A
comparison of these lineshapes with the
experimental Hg spectrum indicates that the
resonance radiation is nearly fully trapped, with the
best fit escape factor of y; =0.1. All of the
following calculations use this value unless
otherwise noted.

Integration of the radiant intensity beyond the
exit plane was also performed to determine the
effect of the plume on the emission spectrum. Ina
worst case scenario, plume properties were taken to
be the properties at the exit plane centerline. A
remarkable difference was discovered between the
optically thin case and the trapped resonance
radiation case. In the former, the plume contributed
to the emission intensity near the line center. In the
latter, the line center reabsorption was complete by
the exit plane and little change in the spectrum was
seen through the plume. However, as it is generally
believed that the MHD code does not accurately
predict the exit plane temperature,3! and since the
plume temperature actually drops in the axial
direction, the contribution to the emission spectrum
from the plume is considered negligible.

The most remarkable feature of Figures 3 and 4
can be found not in the line center intensities, but in
the wings of the lineshapes. It appears that the line
wings are independent of both the resonance
radiation escape factor and the axial position in the
expansion region. This is to be expected since the
broad emission lineshape originates from the
ionizing near-cathode region of the flow. To
determine its precise region of origin, Figure 5
shows a plot of intensity versus axial position for
three off-center wavelengths and the line center
wavelength (A = 656.3 nm) for comparison. The
line center wavelength displays wide fluctuations in
intensity due to both emission and reabsorption.

By contrast, the intensities of the three off-center
wavelengths increase quickly due to emission in the
near-cathode region, and then reach steady values
approximately 0.5 mm past the arcjet constrictor.
The lineshape wings are therefore entirely
determined by the plasma properties within 1 mm
of the cathode. In this arc region the electron
number density is considerable and the lineshapes
are overwhelmingly Stark broadened.!®  The
usefulness of this observation as a diagnostic tool
lies in the fact that a lineshape fit to only the wings
of the axial emission spectrum will permit the
determination of the electron number density in the
arc, or near-cathode, region of the arcjet. This
measurement, however, will be a line-of-sight
average over the arc region, but will be weighted
strongly towards the cathode where the number
density of emitters is the greatest.

Since one of the objectives of this research is to
determine the cathode temperature, it is instructive
to investigate the dependence of the axial emission
on cathode temperature. Figure 6 shows the
calculated Balmer alpha emission spectrum for
different values of the cathode temperature. The
emissivity was fixed at 0.4 and the resonance
radiation escape factor was taken to be 0.1. Not
surprizingly, the line center reabsorption from the
expansion flow region is independent of the
cathode temperature, whereas the line wings,
determined from properties in the near-cathode
region, are sensitive to the cathode temperature.
Fortunately, however, through background
subtraction, the FWHM of the broad, near-cathode
emission is quite insensitive to the cathode
temperature. Therefore, the measurement of
electron number density in the near-cathode region
is not affected by the cathode temperature.

The entire computed visible spectrum of the
axial emission at the arcjet exit plane is shown in
Figure 7. The contributions to the spectrum from
the cathode emission and from continuum radiation
by the free electrons are indicated. The effect of
the free eclectron radiation is to increase the
broadband intensity above that of the cathode
emission, and thereby essentially obstructing the
view of the cathode. Fortunately, however, the
continuum radiation is a small fraction of the
cathode emission at long wavelengths. Therefore, a
spectral window exists at wavelengths longer than
500 nm, but outside of interference of Hg, for
viewing the cathode and obtaining the cathode
temperature.




The four lowest hydrogen Balmer lines are
clearly visible in the spectrum. These lines are
broadened substantially by the high electron
number density in the arc region. The integrated
line intensities have been calculated and are shown
as a function of the transition upper state energy in
the simulated Boltzmann plot of Figure 8. To
determine whether the non-linearity is a result of
non-equilibrium in the ionizing arc region or an
effect of the radiation transfer on the spectral lines,
the Boltzmann plot is compared to that of an
optically-thin, uniform plasma with properties
typical of the near-cathode region. Two cases, an
LTE plasma and an ionizing plasma, both at
T=35,000 K and p = 2x10° Pa, were considered.
The excited state number densities were determined
using the collisional-radiative model and the
integrated line intensities were then calculated
using

hc
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where the effective length, I, was taken to be 1
mm. Since the Boltzmann plot of the predicted
emission spectrum displays a trend which is unlike
those of the LTE and ionizing plasmas, it is
believed that the radiation transfer has an effect on
the line intensities in such a manner as to render the
Boltzmann plot of the axial emission ineffective in
determining the arc temperature. This is not
surprizing, however, since most of the line intensity
comes from near line center, and the line center
intensity varies considerably in the expansion
region of the arcjet, as demonstrated in Figure 5.
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Experiment

Experiments were undertaken to measure the
axial emission spectrum. The experimental setup is
shown in Figure 9. The vacuum facility consisted
of a 1.09 m x 0.56 m diameter stainless steel
chamber maintained at a background pressure of
0.4 Torr by two mechanical pumps and 1250 cfm
blowers. The arcjet used was a 1 kW class
radiatively-cooled laboratory type thruster designed
and built by NASA Lewis Research Center. The
tungsten nozzle consisted of a 0.64 mm diameter
constrictor and a 20 degree half-angle diverging
section to an exit plane area ratio of 225. The 2%
thoriated tungsten cathode was set approximately
0.45 mm from the nozzle constrictor. Details of
this arcjet have been given previously.3.6

A 400 mm focal length lens was used to collect
light axially from the arcjet throat and bring it to a
focus on a 20 um diameter spatial filter. The image
at the spatial filter was then focused, using a 150
mm focal length lens, onto the entrance slit of a
Jarrell-Ash 0.5 m monochromator which contained
a 1200 g/mm grating with a blaze angle of 500 nm.
A Hamamatsu 1P21 photomultiplier tube was used
as the photodetector. Phase-sensitive detection by a
Stanford Research Systems SR850 digital lock-in
amplifier was used for background noise rejection.
The reference signal was provided by a mechanical
beam chopper placed immediately before the
spatial filter near the beam waist. The digitized
output of the lock-in amplifier was transferred to a
486 PC for analysis. To minimize the light
collection volume from the arcjet nozzle and
plume, a 25 mm diameter aperture stop was placed
in front of the collection lens, providing a
collection optics f/# of 28. The spatial resolution at
the arcjet constrictor was calculated to be
approximately 40 um. Intensity calibration was
performed using an 18 A tungsten filament lamp
whose temperature was determined by a Minolta
Cyclops 152 optical pyrometer.

The experiments were run under the operating
conditions of 13.1 mg/s of hydrogen propellant and

" arcjet power between 0.92 kW and 1.51 kW.

Emission over the entire visible spectrum was
collected on the arcjet centerline at four different
values of P/m. The Balmer lines were used to
determine the arc centerline electron number
density, while the background emission was used to
estimate the cathode temperature. Furthermore,
spectra of the Balmer alpha and beta lines were
taken at different radial positions at one value of
P/m to determine the radial distribution of the
electron number density within the arc.

Experimental Results

Figure 10 shows the complete visible spectrum
of the experimental axial emission at a power of
1.51 kW and a hydrogen flow rate of 13.1 mg/s, as
well as the calculated spectrum for the same
operating conditions and a cathode temperature of
3300 K. There are a number of conspicuous
differences between the measured and calculated
spectra.  First, the background emission is
considerably greater in the measured spectrum.
The broad underlying emission feature beginning
around 420 nm and reaching a peak at
approximately 580 nm has no counterpart in the




calculated spectrum, and it is believed to be
molecular hydrogen emission from the arcjet
plume. Although the dissociation fraction is high,
the collection volume is considerably larger in the
plume than within the arcjet, so that significant
molecular hydrogen emission may be collected in
the optical train. At present, experiments are being
undertaken at a higher collection optics f/# to
reduce this spectral feature.

The second significant difference between the
measured and calculated spectra is that both the
widths and intensities of the atomic hydrogen
Balmer alpha and beta lines are greater in the
former spectrum. Since it has been found that the
widths are determined uniquely by the electron
number density it can be concluded that the
electron number density in the arc is higher than the
MHD model predictions by estimated factor of 2 to
5. However, an increase in electron number density
can only be accomplished by an increase in
pressure since the plasma is fully ionized in the arc.
The larger arc pressure would result in more
emitters which is also consistent with the required
increase in line intensity. A number of
improvements are presently being made to the
MHD model, including the addition of ambipolar
diffusion and improved recombination rate
determination.32 It is believed that both of these
improvements will increase the centerline number
densities within the arc region.

As a result of the molecular hydrogen emission,
the cathode temperature could not be determined by
emission in the 500-650 nm range. However, the
calculated spectrum shown in Figure 10,
corresponding to a cathode temperature of 3300 K,
fits very well to the measured spectrum at short
wavelengths where the molecular hydrogen
emission is not evident. Hence, in this manner the
cathode temperature is estimated to be
approximately 3300 K.

The visible emission spectra for a mass flow
rate of 13.1 mg/s and four different arcjet powers
are shown in Figure 11. All four spectra display
the same features described in the 1.51 kW (P/m
= 115.3 MJ/kg) case, but with decreasing intensity
at lower power. The electron number densities in
the arc were determined from a Lorentzian fit to the
line wings of Hp, and Hp as described above, and
are plotted as a function of arcjet specific power in
Figure 12. The arc centerline electron number
density increases with increasing specific power,
and are larger than the MHD model predictions (ne

= 2x1023 m-3 at P/m = 115.3 MJ/kg) by a factor
of 2 to 5. This is consistent with the discrepancies
in the line widths evident in Figure 10.

A Boltzmann plot of the integrated line
intensities of the measured spectrum at P/m =
115.3 MJ/kg is shown, along with that of the
calculated spectrum, in Figure 13. As previously
discussed, a Bolzmann plot of the axial emission
spectrum can not be used as a means of
determining the arc temperature. However, it does
provide an indication of the agreement between the
measured and computed spectra. As evident in
Figure 10, the line intensities of the three lowest
Balmer lines are greater in the measured spectrum
than in the predicted emission spectrum. This is
reflected quantitatively in the Boltzmann plot.
However, of greater significance is the agreement
in the trends of the two Boltzmann plots, which
indicates that, like the calculated line intensities,
the experimentally measured intensities are affected
by the radiation transfer through the nozzle
expansion region.

Emission spectra of Hy and Hp at an arcjet
power of 1.51 kW and hydrogen flow rate of 13.1
mg/s were also taken as a function of radial
position, and those for Hg, are shown in Figure 14.
The spectra near the arcjet centerline show clearly
the expansion region reabsorption at line center. It
was from these measured spectra that a best fit
resonance radiation escape factor of 0.1 was chosen
for the collisional-radiative model. The off-
centerline spectra show a decreasing broad "arc”
emission width and intensity corresponding to a
radial drop in both the arc electron number density
and temperature away from the arcjet centerline.
As the arc region emission decreases in intensity,
the plasma within the nozzle flow region becomes
the dominant source of emission. Since this line
emission originates in a colder expanding plasma,
the spectral lineshape is more narrow and less
intense.

The electron number density in the arc region
was determined from the line wings Lorentzian fit
as previously described. Figure 15 shows the
electron number density as a function of radial
position calculated from both Hg and Hp at a
specific power of 115.3 MJ/kg. As in Figure 12,
the electron number densities calculated from Hg
are lower than those calculated from Hg, by a factor
of approximately two. The reason for this
discrepancy is not clear; however, in both cases the
results indicate that the electron number density




slowly decreases linearly, but is nearly uniform,
over a large part of the arcjet constrictor cross
section.

Conclusions and Summary

In this study, the axial emission of a 1 kW class
hydrogen arcjet thruster was investigated. The
radiative transfer equation was integrated from the
cathode to the arcjet exit plane and beyond to
predict the centerline axial emission spectrum. The
atomic hydrogen line emission was calculated by a
collisional-radiative model using input properties
from a MHD arcjet code. The calculations predict
the complete visible spectrum including
contributions from atomic hydrogen line emission,
continuum emission from the free electrons, and
cathode graybody radiation, while radiation from
molecular hydrogen and metal vapor is not
included. Results from the modeling indicate that a
spectral window exists for direct measurement of
the cathode temperature by thermal emission.
Furthermore, the modeling indicates that the
lineshape wings of the atomic transitions depend
only on the electron number density in the near-
cathode region of the arcjet. Hence, the collisional-
radiative model predicts an optical diagnostic
technique to directly measure the electron number
density in the arc without modification to the arcjet
anode. Lastly, the modeling results indicate that
the radiation transfer through the arcjet has an
effect on the integrated line intensities, thereby
rendering a Boltzmann plot incapable of providing
a measure of the arc temperature in the near-
cathode region.

Experiments were also performed to verify the
modeling predictions. Some discrepancies were
found between the measured and the calculated
spectra; however, remarkable agreement was
achieved considering the limitations of the model
and the inherent difficulties of the measurements.
The experiments indicate that molecular hydrogen
may be a significant component of the emission
spectrum. Due to the broadband molecular
hydrogen emission, the cathode temperature could
not be determined accurately as predicted.
Nevertheless, an estimate of 3300 K at a power
level of 1.51 kW and a mass flow rate of 13.1 mg/s
was made by fitting the model predictions to the
measured spectrum at short wavelengths. The
electron number density in the arc was measured by
the technique described above, and was found to be
on the order of 1024 m3, which is higher than the

MHD model predictions by a factor of 2 to 5. The
electron number density was found to be nearly
spatially uniform over much of the constrictor cross
section, and to increase linearly with P/m.
Finally, a Boltzmann plot of the measured atomic
line emission was found to have the same trend as
that of the calculated spectrum.

At present, improvements are underway in both
the modeling and the experimentation. The MHD
model is being improved by the inclusion of
ambipolar diffusion and more accurate
recombination rates.32 The collisional-radiative
model is being modified to account for photo-
ionization and the reduction of the ionization limit.
New experiments are being undertaken at a much
higher collection optics f/# to possibly reduce the
molecular hydrogen contribution to the emission
spectrum. Additional emphasis is being placed on
improving estimates of the cathode temperature.
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Figure 1. Axial properties T, uz., p and ne on the arcjet centerline from a one-fluid MHD code (Olin-Rocket Research

Company)
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Interior Plasma Diagnostics of Arcjet Thrusters

M.A. Cappelli** and P.V. Storm*
High Temperature Gasdynamics Laboratory
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Abstract

In this paper, we review past and recent experimental studies designed to measure internal flow
properties of arcjet thrusters. These measurements can be generally classified as either intrusive,
(requiring design changes to prototype thrusters), or non-intrusive (optical), and include
measurements of cathode temperature, as well as static pressure, temperature and plasma density,
throughout the interior region extending to the exit plane. Comparisons are made to available model
predictions. Supporting evidence exists that indicates that the nozzle plasma flow is removed from

local thermodynamic equilibrium.

I. Introduction

Arcjet propulsion systems have recently
been deployed for stationkeeping applications.
To enable other applications such as re-
positioning or orbit transfer, the arcjet must
deliver 1000 s of specific impulse at 35 to 50
percent efficiency.! However, efficiencies
approaching 50 percent at high specific
impulse have not yet been achieved. The
future design of more efficient and reliable
thrusters requires a better understanding of the
physical processes governing arcjet operation
through a combination of experimental
diagnostics and analytical modeling. Many
studies have been conducted to investigate
arcjet performance under different operating
conditions, electrical configurations and
geometries.2  Understanding the physical
processes governing the arcjet operation
requires a detailed knowledge of the plasma
properties everywhere in the flow field. A
great deal of research has been conducted to
measure the flow properties in the plume of
arcjet thrusters using electrical and optical
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Copyright © 1994 by Stanford University. Published
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techniques.2* Much of this work was driven
by the need to understand the effect that the
partially ionized and chemically reacting
plume may have on other spacecraft surfaces
and satellite communication. As far back as
the early sixties,” mass flux probes, impact
probes, and enthalpy probes were
implemented as exit plane and plume
diagnostics to better understand the
performance of these devices. More recently,
advanced optical diagnostics6'9 have been
developed and implemented to measure the
exit plane flow properties and to understand
the nonequilibrium nature of arcjet flows.
Although much has been learned from these
exit plane studies, it is evident that little is
known about the plasma properties within the
core and nozzle of the arcjet, yet it is here
where the plasma behavior controls the arcjet
performance.

In this paper, we will review past
measurements made by other researchers and
our own recent measurements of flow
properties in the nozzle interior and constrictor
(near-cathode) region of arcjet thrusters.
These measurements can be generally
classified as intrusive or non-intrusive,
depending on whether significant changes
were made to the device in question in order




to carry out the diagnostic. The measurements
reviewed here include static pressure
measurements in both low power, 1 kW class
(simulated hydrazine decomposition products
as propellant)!? and high power, 30 kW class
(nitrogen propellant) arcjets,!! current
distribution and floating potential using a
segmented anode configuration in 1 kW class
arcjets,!2 optical (spectroscopic) emission
based measurements of electron number
density and characteristic temperatures for
vibrational, electronic and rotational excitation
in the expansion nozzle of 1 kW class
thrusters (simulated hydrazine decomposition
products as propellant),13 optical emission
based measurements of electron number
densities and electronic excitation
temperatures in the constrictor region of a 1-3
kW arcjet operating with helium as the
propellant,!4 and electron number densities in
the near-cathode region, as well as cathode
temperature of a 1 kW and 5 kW hydrogen
arcjet thruster.!3:16 Despite the variations in
propellant and differences in operating
conditions, there are many common features
in flow behavior associated with the various
thrusters studied, some of which will be

discussed below.

I1. Static Pressure Measurements

Static pressure measurements are useful in
interpreting internal flow behavior in arcjets.
In many cases, they can provide insight into
the losses associated with non-ideal or viscous
effects. In general, static pressure
measurements reflect changes in the flowfield
characteristics, which are expected to
influence arcjet thruster performance and

stability.!”

Harris et. al.!! presented a detailed study
of the static pressure variation in a nominally
30 kW water-cooled arcjet thruster operating
with nitrogen as a propellant. In that study,
the arcjet was instrumented with sixteen

19

equally spaced pressure.taps located in
positions ranging from the arcjet plenum,
through an extended constrictor, nearly to the
exit plane of the nozzle. Such measurements
can be classified as intrusive, in that it is not
clear how the presence of such features may

perturb or alter the internal flow
characteristics, nonetheless, it is useful to
examine here some of the conclusions drawn
from that study.

An arcjet flow such as that investigated by
Harris et. al. is expected to be far removed
from ideal isentropic conditions and will
suffer from imperfect gas effects. Despite
this, it is interesting to note that the ratio of
axial static pressure to stagnation pressure
(taken to be the pressure measured by the
upstream tap in the plenum) was independent
of mass flow rate or arcjet power, as expected
from a quasi-1D analysis if the entire nozzle
flow is choked. Their measurements further
indicated that the sonic point in all arc powers
and flow rates studied was located beyond the
end of the constrictor, indicating that viscous
boundary layer growth is significant within the
constrictor. Up to the sonic point, ideal quasi-
1D analysis would suggest that the static
pressure would increase with the square-root
of temperature (for a constant mass flow rate)
reflecting the drop in density with temperature
and the choked condition at the sonic point. If
the radial pressure gradients are small, then
assuming that the plasma is significantly
ionized in the arc core, the electron number
density is expected to decrease with the
square-root of the temperature. As is
discussed below, recent measurements do not
reflect this trend, strongly indicating a
departure from ideal conditions.

Similar measurements have been
performed by Talley et. al.'® in a NASA
Lewis 1 kW laboratory arcjet thruster
operating on mixtures of hydrogen and
nitrogen to simulate hydrazine decomposition
products. This study contributes to the




growing body of data on these types of arcjets,
which have been engineered and space
qualified!8 by Olin Aerospace Company. In
their facility, five pressure taps were machined
into the anode housing, providing a static
pressure measurement approximately 1.5 mm
upstream of the throat, at the throat, and three
measurements distributed along the expansion
nozzle. Unlike the 30 kW arcjet of Harris et.
al., there is no significant constrictor channel
in these low power devices, and so it is more
likely that the sonic point will coincide with
the location of the throat. This is supported by
the critical pressure ratio of 0.52 measured in
the throat for the arc-ignited low power
thruster, 10 unlike the 0.66-0.9 values measured
in the constrictor region of the arc ignited high
power thrusters.!!  Talley et. al. report,
however, that their cold flow- static pressure
measured at the throat is significantly greater
than the critical pressure ratio, indicating to us
that the sonic point under cold flow conditions
has moved downstream of the throat. They
attribute this behavior to the strong swirl
component of velocity in the cold flow case
which they suggest is dampened out following
arc ignition.

The throat static pressure measurements
of Talley et. al. combined with an estimate of
the temperature in the arc core of 20000 -
40000 K (not atypical for a constricted arc at
high pressures), allows an estimate of the
electron number densities in the core of the arc

near the arcjet throat. Using the measured

converging section static pressure
measurements of Ref. 10 ranging from 20 - 50
psia for mass flow rates varying from 35 - 65
mg/s and specific powers of 10 - 30 MJ/kg,
and taking Pios/Peae ~ 0-52, we arrive at throat
electron number densities ranging from 6 x
1022 - 3 x 1023 m™3. Recently, Zube and
Myers'3 measured electron number densities
in the upstream region of the expansion nozzle
of a nearly identical arcjet thruster (also
operating on simulated hydrazine
decomposition products) over a comparable
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range of specific power, albeit at much higher
mass flow rates (100 mg/s). Despite these
different operating conditions, a comparison
of these values to the measurements of Zube
and Myers reported at a distance of 3 mm
downstream of the throat (~102! m™3) indicates
that significant axial gradients in electron
number density exist in the near vicinity of the
cathode and throat. We speculate that such
straining effects on the plasma just past the
throat contribute to the stability of a diffuse
arc attachment at the anode in this region of

the nozzle.

The strong axial variations in electron
number density in low power arcjet thrusters
has been captured by recent single-fluid MHD
models of arcjet thrusters developed by Butler
and King at Olin Aerospace Company.'® In
Figure 1, we graph the model simulations fora
nominally 1 kW class arcjet thruster operating
with hydrogen as a propellant (mass flow rate
of 13.1 mg/s and specific power of 115
MIJ/kg). Although the resuits of Ref. 10 and
Ref. 11 are for an entirely different propellant
and for slightly different current, we include
them on the graph for illustrative purposes.
We see that in the hydrogen arcjet thruster,
the axial variation in electron number density
and pressure is in qualitative agreement with
the observations in essentially the same
thruster operating on simulated hydrazine
decomposition products.

II1. Electrical Measurements

Until the recent electrical studies of
Curran and Manzella,'> we could only
speculate as to the mode and distribution of
current attachment along the anode surface in
these low power (1kW) arcjets. In that study,
an arcjet of identical geometry to those
baselined for use in communications satellites
was instrumented with a segmented anode.
Although inherently an intrusive diagnostic,
this segmented anode design allowed them to
estimate the current distribution and floating




(plasma) potential as well as the anode fall
voltage. In addition, they were able to perturb
the attachment (i.e., electrically isolate various
segments) to force current to a particular
region along the anode.

The anode described in Ref. 12 was
divided into 5 segments. The first consisted of
the converging section up to the end of the
constrictor/throat. The second, third and forth
sections were centered approximately 1 mm,
2.5 mm, and 4 mm downstream of the throat
respectively. The last segment consisted of
the remaining section of the nozzle. Each
segment was separated from the others by thin

boron-nitride spacers.

The most interesting finding is that under
normal operation (all segments connected
together and connected to the to the power
supply) the current was nearly equally
distributed to all but the first segment (which
collected little or no current under steady
operation). This finding indicates that the
current density decreases significantly along
the axial direction, consistent with the
measured drop in electron number density!3.
The first segment, when electrically isolated,
barely influenced the current attachment at the
remaining four segments. This is an important
result, in that it indicates that little or no
current is collected by this region of the
anode. Although the floating potential of this
segment was not measured while all others
were connected, it was found to be
approximately 35V when the current was
forced to the fifth segment.!? Using 35V as an
estimate of the voltage between the cathode
and the end of the constrictor (which is
approximately 0.75 - 1 mm from the cathode
tip, depending on the gap spacing), we can
estimate the extent of arc constriction (arc
diameter). To do this, we need the electrical
conductivity, which, if the arc core is fully
ionized, is given by the well known Spitzer-
Harm expression? (in MKS units):

LT3

=1.53x%x10 A
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Here, InA is the Coulomb logarithm which
depends (weakly) on both the electron number
density and temperature??. If we assume an
arc temperature of 30000 K, an electron
number density of 1023 m™3 and that the arc
core is highly ionized, we can estimate the
electrical conductivity to be approximately
16000 Q~!m~!. Using a current of 11A, we
arrive at an arc diameter of approximately 200
um. This should be compared to the
constrictor diameter of approximately 700 pm,
and indicates that the arc is constricted to
about 10% of the throat area. This estimate is
within a factor of two of what has been
measured based on Stark broadened axial line
emission from a 1 kW arcjet operating on
hydrogen. !’

Another interesting result from the Curran
and Manzella study is that when the last
segment is isolated from the power supply
(and its current is shifted to the next upstream
segment), the voltage on the last segment can
be used to estimate the anode fall voltage
which may exist at the next upstream segment.
It is found that when isolated, the voltage of
the fifth segment (relative to the cathode) was
roughly equal to the voltage on all the
remaining connected segments. This suggests
that the anode fall voltage in the distant nozzle
may be negligible. This result is not
surprising if one considers that the field near
the anode consists of both a resistive
component balanced by an ambipolar
component that is associated with gradients in
plasma density:

KT Vn,
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We see that at low current densities, the
plasma potential can in fact be greater than the
anode potential (giving rise to a negative fall).




It is the difference between a negative anode
fall (observed at low temperatures or low
current densities) or a positive anode fall
which often distinguishes between the so
called "low intensity” or "high intensity" arc at
an anode. In the case at hand, it appears that
the current densities are sufficiently low near
the end of the nozzle that the anode fall is
small. An interesting experiment described in
the study of Curran and Manzella involved
forcing the current to attach to the first
(furthest upstream) segment by isolating the
remaining four. The floating potential of the
remaining four relative to that between the
cathode and the first segment affords an
estimate of the anode fall voltage at the first
segment. Under these conditions, a high
current density ensues and we would therefore
expect the anode fall to increase significantly.
Indeed this was the case,!? with the anode fall
voltage increasing to approximately 40V.

IV. Optical Emission Measurements

Much has been learned about the internal
flow characteristics of these low power arcjet
thrusters by studying the intrinsic plasma
emission. The first and most thorough
investigation of the nozzle flow by optical
emission spectroscopy was performed by
Zube and Myers.!> In that study, a set of
holes were drilled into the anode (nozzle) at
three axial positions approximately 3,6and 9
mm from the throat of a nozzle with a
maximum are ratio of 225:1 and at various
radial positions approximately 9 mm from the
throat of a similar nozzle and 9 and 12 mm
from the throat of a nozzle of equal half angle
(30°) but extended to an area ratio of 400:1.
The research presented in Ref. 13 was
motivated by the need to better understand the
nonequilibrium processes in the nozzle of an
arcjet thruster operating on mixtures of
hyvdrogen and nitrogen to simulate hydrazine
decomposition products. ~ These non-
equilibrium processes include vibrational.

rotational, and electronic excitation, as well as
finite-rate recombination.

In that study, the electron number density
was measured from the line-of-sight integrated
spectral (primarily Stark broadened) linewidth
associated with the Hp transition in atomic
hydrogen. Their measured axial variation in
electron number density are compared to
single-fluid calculations for the same arcjet
(albeit at slightly different operating
conditions and for hydrogen as a propellant) in
Figure 1. The differences between model
predictions and measurements are within a
factor of two to ten, and might be accounted
for by the slight differences in operating
conditions.

An interesting result of the Zube and
Myers study is that extending the nozzie
clearly perturbs the upstream current and
plasma properties. They found that the
electron number densities 9 mm from the
throat of an arcjet with a 12 mm long nozzle
was significantly less (by some 40% or so)
than that at the same location in an extended
nozzle (15 mm) of equal expansion angle.
This result clearly reveals the influence that
nozzle geometry may have on arc behavior.
More importantly, it reveals that a significant
fraction of the current extends down into the
low density region of the flow, consistent with
the electrical measurements and findings of
Curran and Manzella.'?

Their measured excitation, vibrational,
and rotational temperatures (from the Balmer
transition series of atomic hydrogen and the
C'M, - 8’1, electronic transition of molecular
nitrogen) are displayed in Figure 2. Also
displayed in the figure is the translational
temperature computed by Butler!? for a
similar low power arcjet operating on
hydrogen. Like the electron number density,
the temperatures drops significantly, most
noticeably for the atomic excitation
temperature, which they argue to be close to




the free electron temperature because of rapid
thermalization between the free and bound
electrons in the high lying electronic levels
from which the transitions originate.!> The
electron-proton and proton-atomic hydrogen
translational energy relaxation times are
estimated to be less than the residence times
within the expansion nozzle, which is
comparable to the hydrogen-molecular
nitrogen relaxation time, and so Zube and
Myers argue that the atomic excitation
temperature should also reflect the
translational temperature. This conclusion is
seen to be supported by the model calculations
for the comparable power hydrogen arcjet
only very near the throat. It is apparent that
translational energy exchange is less efficient
downstream where the electron number
densities drop significantly. It is also apparent
from Figure 2 that the rotational and
vibrational temperatures are less than the
atomic excitation and translational
temperatures. At first, one may conclude the
presence of a substantial departure from local
thermodynamic equilibrium for these internal
energy modes, as suggested by Zube and
Myers.!3 However, we remind the reader that
these measurements are based on line-of sight
averages of emission, and so the signal from
any emitting species reflects the local
properties in the region where the density of
the emitting species is greatest. Because of
the high centerline temperatures, it is likely
that molecular emission originates from the
cooler boundary region within the nozzle and
so indicates a lower rotational and vibrational

temperature.

The measurements of Zube and Myers
were limited to positions 3 mm from the throat
of the arcjet. Machining holes closer to the
constrictor would be more difficult and
precarious in such a small device. Recently,
Ishi and Kuriki modified the constrictor region
of a low power (1-3 kW) DC arcjet operating
on helium as a propellant to accommodate
optical access.'* In that study, they positioned

optical viewports at four locations within the
constrictor, which was 8 mm in length for
their design. Their results clearly revealed an
internal (constrictor) flow that was far
removed from ionizational equilibrium, with
the plasma significantly overdense with
respect to Saha equilibrium. The departure
from Saha equilibrium was found to be more
pronounced as you move further downstream
of the entrance to the constrictor. Although no
direct measurements of the departure from
jonizational equilibrium have been made in
the constrictor or nozzle region of a low
power, NASA Lewis arcjet, it is expected that
a similar result would ensue. We would
expect that the plasma is near ionization
equilibrium in the throat or constrictor, and
that the departure from Saha equilibrium
would be more pronounced as one moves
further into the diverging region of the nozzle,
since electron-atom collisions become less
frequent as densities fall.

Recent experimental measurements of the
electron number density were made in the
near-cathode region of NASA 1 kW and 5 kW
arcjets by Storm and Cappelli.!®-'¢ No
modifications to the prototype arcjets were
made and so these measurements are
considered to be non-intrusive. Using
hydrogen as propellant, the centerline axial
emission spectrum was measured and the
near-cathode axial line-of-sight electron
number density was obtained from the Stark
broadening of the wings of the Hy line.
Radiative transfer effects on the spectral line
are localized to near line-center, whereas the
linewings are determined by the properties
within approximately | mm of the cathode
tip.!>  The thoriated tungsten cathode
temperature was also measured by the
broadband emission away from the Balmer
lines, correctly accounting for molecular
hydrogen and continuum emission, as

necessary.

A typical axial emission spectrum in the
visible region is shown in Figure 3. The




broadband background is a combination of
thermal radiation from the cathode and
continuum emission from the plasma
electrons. Molecular hydrogen emission was
negligible because of the use of very fast
optics.!6 Using axial variations of ne and Te
computed from the single-fluid arcjet model of
Butler and King!” (similar to those shown in
Figures 1 and 2) for a 5 kW hydrogen arcjet,
the continuum emission in the axial direction
was calculated and is shown for comparison
(dashed line) in Figure 3. The background is
extremely well approximated by the cathode
and continuum emission assuming a cathode
temperature of 3730 K. In this manner the
cathode temperature was estimated at different
specific power levels and the results, shown in
Figure 4, indicate that the temperature is very
near or above the melting point of pure
tungsten (3690 K) and increases with specific
power. These results are consistent with well-
documented cathode erosion measurements
which infer the presence of a molten pool of
tungsten at the cathode tip.2! The increase in
temperature with specific power predicts an
increase in arc current density at the arc
attachment, consistent with the measured
increase in conductivity, or electron number
density, as discussed below.

For comparison, Zhou et. al. measured the
temperatures of thoriated tungsten cathodes in
a stationary argon discharge using both single
and two-color pyrometry.22 They recorded tip
temperatures between 3500 K and 3800 K
depending on the cathode diameter and
increasing with arc current, and hence, power.
Although these experiments were performed
at much higher currents, the current densities
are comparable to those in the hydrogen
arcjets, and the temperatures are in good
agreement with the axial emission

measurements.

Storm and Cappelli measured the near-
cathode electron number density by the Stark
broadening of the linewings of the He line.
The analysis is limited to the far wings of the

line because the line core is expected to
experience significant distortion due to self-
absorption. Sample H, emission spectra from
the 5 kW arcjet are shown in Figure 5. The
line is broadened considerably due to the large
electron density upstream of the constrictor,
and the central dip is due to reabsorption by
the relatively cool plasma in the downstream
expansion region and plume.!> Based on the
relative Doppler shift between the emitting
plasma near the constrictor and the absorbing
plasma in the plume, one would expect the
central dip to be red-shifted by a small fraction
of the width of the linewings, if, in accordance
with linear Stark theory, the hydrogen lines
are unshifted and symmetric. However, the
exact opposite is observed in Figure 5. The
large blue-shift in the central dip can be
accounted for by the asymmetry in the Stark
broadening of Hg, which results in an
apparent red-shift of the line at large electron
number densities.23 For ne = 2x102% m3,
typical of the electron number density near the
cathode (see Figure 1), the asymmetric Stark
red-shift of Hy linewings is approximately
0.12 nm, which is large compared to 2
Doppler blue-shift of approximately 0.03 nm.
Unfortunately, due to the relatively small size
of the Doppler shift and the uncertainty in
determining the precise spectral line center,
the axial velocity in the constrictor region
could not be determined.'®

The width of the linewings, however,
could be determined relatively well, and from
the Stark FWHM the electron number density
in the near-cathode region was found.'® Most
previous measurements involving Stark
broadening of the Balmer lines of hydrogen
(incl. Ref. 15) have made use of the Stark
broadening tables compiled by Vidal, Cooper
and Smith?% in the early seventies which
assumed perturbations to the atomic energy
levels by electron collisions while the ions
remained static.  Recent Monte-Carlo
simulations by Oza, Greene and Kelleher
taking into account dynamic ions have shown




that the VCS tables underpredict the
linewidths of He by a factor of approximately
two at electron densities typical of the near-
cathode centerline, and as much as a factor of
30 at lower densities.2’ Use of the VCS tables
would then result in greatly overestimated
electron number densities from Hy, which was
noted in Ref. 15. The present electron density
measurements were made using the recent
Monte-Carlo simulations, whose FWHMs are
compared to those of the VCS tables in Figure
6. However, as these simulations were only
performed up to ne = 1023 m3, electron
densities larger than this were obtained by
extrapolation. The measured near-cathode
electron number densities for the 1 kW and 5
kW arcjets are shown as a function of specific
power in Figure 7. The 1 kW results differ
from those of Ref. 15 due to the improved
Stark broadening calculations and linewing
fits. The relatively large uncertainties in these
measurements are due primarily to the
uncertainty in determining precisely which
parts of the spectra of Figure 5 constitute the
linewings. In other words, the uncertainty
reflects the very nature of these measurements
being axial line-of-sight averages within
approximately 1 mm of the cathode tip.
Nevertheless, despite the significant
uncertainties the increase in electron density,
and therefore, plasma conductivity, with arcjet
power is apparent. This is consistent with the
measured increase in cathode temperature
with power. Furthermore, the results for the 1
kW arcjet display reasonably good agreement
to peak near-cathode electron number
densities predicted by the MHD arcjet model
simulations by Butler and King.'® The
measured densities are somewhat lower than
the calculated peak densities due to the fact
that they are line-of-sight averages over a
small region.

V. Summary

In this paper. we have reviewed past and
recent measurements of flow properties in the

nozzle interior and constrictor (near-cathode)
region of arcjet thrusters. Many of the
measurements reveal flow behavior that is
consistent with recent arcjet simulations.
These measurements include static pressure,
anode current distribution, plasma density and
temperature, and cathode temperature.
Advances have been made in the use of non-
intrusive optical diagnostics to measure arcjet
flow properties in the near-cathode and anode
throat region, where the arc is greatly
constricted and strongly contributes to heat
transfer and device performance.

Static pressure measurements in low
power (1kW class) arcjets indicate that the
sonic point is very near the constrictor, in
contrast to similar measurements in higher
power (30kW) arcjets, where higher aspect
ratio constrictors give rise to boundary layer
growth that moves the sonic point downstream
of the constrictor exit. Electron number
densities based on static pressure
measurements compare favorably to those
computed on the basis of resistive MHD
simulations. Optical measurements indicate
that electron number densities drop
precipitously downstream of the throat
suggesting a concomitant decrease in the
current densities and a substantial straining
effect on the plasma. It is suspected that the
drop in current density strongly favors diffuse
attachment along the anode.

Electrical measurements using a
segmented anode configuration support the
notion that the anode arc attachment is diffuse
as opposed to constricted. In low power
arcjets, the current appears to be distributed
across the anode in a way that is consistent
with the observed decrease in plasma density
(and hence plasma conductivity).
Measurements of floating potential permit an
estimate of the electric field strength in the
throat. From this, we have estimated the
extent of arc constriction and have found that
the arc cross sectional area is approximately a




tenth of the constrictor area, consistent with
recent estimates based on Stark broadened
axial line emission. It is also apparent from
floating potential measurements that the anode
fall voltage varies dramatically along the
anode, being near zero in the region of
attachment near the exit plane and close to 40
V at the attachment near the throat.

A range of spectroscopic studies (both
side-on through holes in the anode) and end on
(by collecting light axially) support the
conjecture that the nozzle flow is removed
from thermal equilibrium. The departure from
thermal equilibrium is evidenced by elevated
electronic excitation temperature and is less
severe as you move upstream towards the
throat. This is expected, since the higher
pressures and plasma densities in that region
give rise to a plasma that is near Saha
equilibrium. The expansion process creates an
overdense plasma and subsequently
overpopulates excited electronic levels.

Near-cathode electron number densities
are found to be only weakly dependent on
specific power. This trend is captured by the
MHD simulations. An increase in static
pressure is therefore expected to reflect an
increase in throat temperatures, a result that
has yet to be verified by experimental
observations. For the first time, direct and
non-intrusive measurements of cathode
temperature have been made in 1 and 5 kW
hydrogen arcjet thrusters. These
measurements indicate that cathode
temperatures apparently exceed the melting
point of tungsten at modest specific powers
(200 MJ/kg) and are apparently below the
melting point at lower specific powers.

Despite the progress that has been made
in diagnostics of the internal flow, many
issues related to performance efficiency and
lifetime are still unresolved. Although
existing models do well at predicting the exit
plane plasma conditions. they scem to still

overpredict thrust efficiency. It is the
combined effort of modeling and experimental
measurements of internal flow properties
which will lead to a better understanding of
plasma flow behavior and hence models with
better predictive capabilities. These models in
turn will benefit future design. '
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AXIAL EMISSION MEASUREMENTS ON A MEDIUM POWER
HYDROGEN ARCJET THRUSTER

P. Victor Storm* and Mark A. Cappelli

High Temperature Gasdynamics Laboratory
Department of Mechanical Engineering
Stanford University
Stanford, California, USA

Abstract

A numerical and experimental investigation of the axial emission of a 5 kW class radiatively-cooled hydrogen
arcjet thruster is presented. The complete visible spectrum is modeled, taking into account graybody thermal
emission from the cathode and plasma radiation from hydrogen atoms and free electrons. The cathode
temperature and the arc electron number density are obtained from the measured emission spectrum. The
cathode temperature is found to be in the neighbourhood of the melting point of tungsten and increases with
arcjet power at a constant mass flow rate, suggesting an increase in the current density at the arc attachment
point. The measured near-cathode electron number density is also found to increase with power, supporting the
idea of an increasing arc current density with arcjet power. The measured and modeled arc electron densities

are, however, in discrepancy by a factor of approximately three.

1. Introduction

With the recent successful deployment of an
arcjet thruster on the Telstar IV satellite, interest in
improving arcjet performance for future satellite
and spacecraft propulsion applications has
increased.  Arcjets operating on hydrazine
propellant are presently capable of delivering up to
500 s of specific impulse at 30 to 35 percent
efficiency,! making such thrusters suitable for
north-south station keeping. Considerable benefits
in satellite weight reduction and the possibility of
LEO to GEO orbit transfer applications may be
realized with the development of hydrogen arcjet
thrusters having a specific impulse greater than
1000 s and efficiencies approaching S0 percent,
while maintaining, or preferably improving, thrust
levels. Achieving these improvements in arcjet
performance requires a better understanding of the
physical processes governing arcjet operation and
the energy loss mechanisms. Such understanding is
best obtained through a combination of
experimental diagnostics and analytical modeling.
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To date much effort has been made to model the
arcjet,213 with remarkable success in many cases
considering the complex physics of the plasma
equations. However, while numerical models of
the arcjet are extremely useful, their accuracy can
be judged only by comparison with a large body of
experimental data. Substantial experimental work
has been conducted to measure properties in the
arcjet plume using electrical, optical and mass
sampling techniques, and several comparisons have
been made to the model predictions.1418
Considerably fewer experimental investigations
have been undertaken to measure plasma properties
within the nozzle of the arcjet,19 yet it is here where
the plasma behavior controls the arcjet performance
to a large extent. The handful of investigations
which have been undertaken in this regard were
performed on several different arcjet geometries
and powers using five different propellants. These
measurements include emission20-2! and static
pressure22-23 through holes in the side of the anode,
and voltage-current characteristics to different
segments of a segmented anode.24 A summary of
these investigations is given in Ref. 19. With such
sparse and varied data available at present, a need
exists for further experimental investigations into
the plasma properties within the arcjet nozzle.




An experimental program was begun at
Stanford University to investigate plasma
properties within the arcjet nozzle and particularly
in the near-electrode regions. The objective of this
program is to obtain measurements of plasma
properties, including temperatures, densities and
velocities, within the arcjet nozzle, as well as an
examination of the arc behaviour and arc
attachment mechanism. This paper presents a
continuation of previous work in which the electron
number density was measured in the near-cathode
region of the arcjet by analysis of the axial
emission spectrum.23 This work was performed on
a 1 kW class radiation-cooled arcjet operating on
hydrogen propellant. A discrepancy in the electron
number density as measured from the Stark
broadening of the Hy and Hp lines was previously
found. As well, emission from molecular hydrogen
obscured the cathode, thereby hindering an accurate
cathode temperature measurement by thermal
radiative emission. In the present work,
improvements were made to both the experiment
and the analysis which facilitated considerably
more accurate measurements of cathode
temperature and arc electron number density. To
reduce the collection volume of light and thereby
the molecular hydrogen emission, the collection
optics f/# was increase by a factor of six to
approximately 165. This provided a spectral
window for viewing the cathode, obscured only by
a small amount of continuum emission from the
plasma electrons. The atomic hydrogen lineshape

* analysis was improved by the use of recent Monte-
Carlo Stark broadening calculations incorporating
perturbations to the electric field by the ion
motion.26 The results presented here include new
measurements performed on a 5 kW arcjet, as well
as a partial re-analysis of the previous 1 kW arcjet
spectra.

II. Modeling of the Axial Emission

A thorough description of the modeling of the
axial emission spectrum is given in Ref. 25;
therefore, only a brief summary will be presented
here. The spectrum was calculated by integrating
the one-dimensional radiative transfer equation
along the centerline of the arcjet, beginning from
the tip of the cathode. In steady-state, the one-
dimensional radiative transfer equation is?’

dl; (4)
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where I, is the directional spectral intensity, and
€, and k; are the plasma spectral volume
emission and absorption coefficients respectively,
which in this modeling work include contributions
from atomic hydrogen and free electrons only. In
general, the emission spectrum of a hydrogen arcjet
consists of atomic and molecular hydrogen line
emission, continuum plasma emission from the free
electrons, thermal emission from surfaces, and line
emission from tungsten and thorium vaporized
from the cathode. However, we neglect emission
from tungsten, thorium and molecular hydrogen
assuming that such emission is small compared to
that of atomic hydrogen, free electrons and the
cathode surface.

The graybody emission intensity from the
cathode was used as the initial condition to Eq. 1.
The cathode emissivity was taken to be 0.4, and the
cathode temperature was a parameter which was
determined by fitting the calculated spectrum to the
measured spectrum. The contributions to the axial
emission from the free electrons and atomic

hydrogen were incorporated into the spectral

volume emission and absorption coefficients, £;
and k;. The Doppler shift was taken into account
as the radiant intensity was being emitted and
absorbed by the plasma with an axially varying
velocity.

Continuum radiation results from free electron
processes which include free-bound electron-ion
interactions and free-free electron-ion and electron-
atom bremsstrahlung interactions.28 The spectral
emission coefficients for these processes were
obtained in the literature,2? while the corresponding
spectral absorption coefficients were determined
from the principle of detailed balance.30

The atomic hydrogen contribution involves line
radiation from transitions between upper state j and
lower state i, for which?7
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where A;, B; and Bj; are the Einstein coefficients
and @) is the normalized spectral lineshape
function. Since the plasma within the arcjet is not
in equilibrium, the number densities of the atomic
states are found by solving a set of coupled rate
equations in a collisional-radiative model.3! These




equations consist of the steady-state continuity
equation for the excited states,

dan
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and the conservation of atoms equation
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where ny, is the total number density of hydrogen
atoms in all atomic states. The stationary-state
approximation is made for the excited states, and
the production term on the right side of Eq. 3 is
written in terms of the various collisional and
radiative processes to give:
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for m=2,3,..., where K,; and K, are the electron

collisional excitation and ionization rate

coefficients, B and B are the electron
collisional three-body and radiative recombination
rate coefficients, and ¥;, is a radiation escape
factor.32 The plasma is assumed to be optically
thick to resonance radiation but optically thin to all
other radiation. Semi-empirical rate coefficients
are taken from the literature33 or determined from
the principle of detailed balance. The set of
equations (Egs. 4 and 5) are solved for the atomic
state populations given the kinetic temperatures and
the total atomic hydrogen and electron number
densities. These properties, shown as a function of
axial position in Figure 1, were obtained from a
one-fluid MHD arcjet model developed by Butler
and King??3 at Olin Aerospace Company applied to
the NASA 5 kW arcjet. As a single fluid model, a
unique kinetic temperature was used for both the
electrons and heavy particles.

Finally, the spectral lineshape function d>£_i is
determined by the Stark broadening mechanism.34
Although the Stark lineshape is neither Lorentzian
nor Gaussian, a Lorentzian lineshape is assumed in
Eq. 2 for simplicity. This approximation is very
inaccurate for certain Balmer series lines of
hydrogen, but is acceptably well suited for Hg.
Doppler and other line broadening mechanisms
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were neglected in the modeling of the emission
spectrum since the plasma properties within the
arcjet are such that Stark broadening dominates.
Figure 2 shows the Stark and Doppler broadened
FWHMs of the Hq line along the path of
integration. The Stark broadening clearly
dominates the Doppler broadening mechanism
along the arcjet axis in the near-cathode region, the
region of particular interest here. Other broadening
mechanisms are significantly smaller still. By
comparison, the lifetime broadening of Hg is
approximately 1.3 x 104 nm and pressure
broadening of Hy has a maximum value of about 2
x 10-3 nm near the cathode. For the other Balmer
lines, the dominance of the Stark broadening
mechanism is more marked.

III. Experiment

Experiments were performed at NASA Lewis
Research Center (LeRC) to measure the axial
emission spectrum of a 5 kW arcjet in a manner
similar to those previously performed on a 1 kW
arcjet.25 The experimental setup is shown in Figure
4. The vacuum chamber facility consisted of a 1.22
m diameter*x 2.34 m long stainless steel chamber
maintained at a background pressure of 0.25 torr by
both mechanical and diffusion pumps. The arcjet
employed was a NASA LeRC 5 kW class
radiatively-cooled laboratory type thruster shown in
Figure 5. The tungsten nozzle of this arcjet
consisted of a 0.81 mm diameter constrictor and a
20 degree half-angle diverging section to an exit
plane area ratio of 225. The 2% thoriated tungsten
cathode was set approximately 0.9 mm from the
nozzle constrictor.

A 500 mm focal length achromat lens was used
to collect light axially from the arcjet throat and
bring it to a focus on a 20 pum diameter spatial
filter. The image at the spatial filter was then
focused, using an 80 mm focal length achromat
lens, onto the entrance slit of a Jobin Yvon HR640
0.64 m Czerny-Turner monochromator containing a
2400 g/mm grating. Control of the monochromator
was automated using a Spectralink controller and
Prism 3.0 software. A Hamamatsu R928
photomultiplier tube was used as the photodetector.
Phase-sensitive detection was performed for
background noise rejection using a Stanford
Research Systems SR850 digital lock-in amplifier.
The reference signal was provided by a mechanical
beam chopper placed near the intermediate focus at
the spatial filter. The digitized output of the lock-in




amplifier was transferred to a personal computer for
spectral analysis. To minimize the light collection
volume from the arcjet plume and, hence, the
molecular hydrogen emission, a 12.7 mm diameter
aperture stop was placed in front of the collection
lens, providing a collection optics f/# of
approximately 165. The resulting spatial resolution
at the arcjet constrictor was at best 65 pm.
Intensity calibration was performed using an 18 A
tungsten filament lamp placed at the location of the
arcjet. The temperature of the lamp was
determined using an Ircon Modline two color
pyrometer.

The experiments were run under the operating
conditions of 18.45 mg/s of hydrogen propellant
and arcjet power between 2.3 kW and 4.4 kW. The
current-voltage characteristics are shown in Figure
3. The propellant flow rate was maintained using a
Unit Instruments UFC-2050A flow controller and
the arcjet power was controlled by a NASA LeRC
Model 5.2 PPU. Axial emission over the complete
visible spectrum was coliected on the arcjet
centerline at three different power levels to obtain
estimates of the cathode temperature during arcjet
operation. As well, numerous scans of the Balmer
alpha line were taken at several power levels and
radial positions to determine the specific power and
radial dependence of the electron number density
within the arc.

IV. Spectrum Analysis

The previous study demonstrated the potential
of determining near-cathode electron number
densities from the linewings of the atomic
hydrogen Balmer lines.2> This is accomplished by
fitting a Lorentzian line to the linewings only, since
the line center is strongly affected by radiative
transfer in the nozzle expansion region and in the
plasma plume. The FWHM of the best fit
Lorentzian is a direct measure of the electron
number density in the arc by the Stark broadening
mechanism.34 The conditions within the arc, as
determined by the best available arcjet models,
indicate that Stark broadening is the only
significant broadening mechanism in the near-
cathode region. The results of the previous study
indicated a larger electron number density
calculated from the Hg line than the Hp line and, in
general, larger for both lines than the arcjet model
predictions. These discrepancies initiated a further
investigation into the lineshape analysis.

Stark broadening of Hy

The discrepancy between the Hy and Hg lines
was found to be attributed to an error in the Vidal,
Cooper, Smith (VCS) Stark broadening tables33 for
the Hq line recently reported in the literature.36
Monte-Carlo simulations with dynamical ion
perturbations26 have resulted in Stark broadening
FWHMs for Hg significantly larger than those
given in the VCS tables in the range of electron
number densities from 1020 to 1923 m-3. This
discrepancy is shown clearly in Figure 6. Such an
error was not found in the Hp line. By
extrapolating the Stark widths to electron densities
between 1023 and 1024 m3, the densities predicted
in the previous study using the H line are reduced
by a factor of two to three, resulting in very good
agreement with those determined from the Hp line.
These more accurate dynamical ion Stark
broadening calculations are used in the analysis of
the present data.

Lorentzian fit to linewings of Hy

The discrepancy between the modeled and the
measured electron number density was reduced
after a more detailed analysis of the Hg lineshape.
The best fit Lorentzian was found to be very
sensitive to the amount of the linewings to which
the fit is performed. Figure 7 shows a typical
measured Hg lineshape with two different best fit
Lorentzian lineshapes; the difference between the
two best fits is the extent of the linewings in the fit,
as indicated by the percentage of the peak intensity
to which the fit is applied. It appears that both
Lorentzian curves fit the wings extremely well;
however, they differ in FWHM by nearly forty
percent, corresponding to a discrepancy in ne by
approximately seventy percent. This uncertainty
constitutes the limiting factor in accurately
determining the arc electron number density from
the linewings. On the one hand, to ensure that the
fit is performed only to the part of the line
originating near the cathode, it would be desirable
to fit only the very far wings. This will reduce the
systematic error associated with the radiation
transfer near line center. On the other hand, since
the noise is larger in the wings of the line,
performing a linefit to only the far wings results in
a very large statistical error in the determination of
the linewidth. Consequently, the measured near-
cathode electron number density has considerable
uncertainty, often by a factor of two or more.




Stark red shift of Ho

The effect of a large electron number density is
not only to broaden the Hq line, but also to give
rise to a Stark red shift. This symmetric Stark shift
has been documented in the literature37 for electron
densities up to 1023 m-3 and is shown in Figure 8.
By linearly extrapolating these measured shifts to
typical electron densities near the cathode, say 4 x
1023 m3, we find a red shift of approximately 0.25
nm, which is on the order of, but larger than, the
expected Doppler blue shift. Because these two
shifts are similar in magnitude and the axial
velocity in the arc is not known, a measurement of
this shift could not be used as an alternative method
to obtain the near-cathode electron number density.
Conversely, the large uncertainty in the measured
arc electron number density, coupled with the
uncertainty in determining the precise shift of the
linewings, precluded the measurement of axial
velocity in the constricted arc.

One consequence of the Stark red shift at large
electron number densities is that the reabsorption
dip near the line center of the measured Hg lines,

shown in Figure 9, appears blue shifted relative to .

the line wings. This is contrary to what would be
expected if only the Doppler shift is considered.

Spectral Background

The region of the emission spectrum away from
the Balmer series lines constitutes background
graybody emission from the cathode surface and
continuum radiation from the plasma electrons.
This region of the spectrum was therefore used to
measure the cathode temperature by fitting the
modeled spectrum to the measured spectrum. The
cathode temperature was a parameter of the model
which could be adjusted until a good fit is obtained.
Although the continuum radiation is accounted for
in the modeling, it is generally a small fraction of
the thermal radiation from the cathode for
wavelengths greater than 500 nm.25 Therefore, the
precision of the cathode temperature measurements
is primarily limited by the uncertainty in the
emissivity of tungsten near and above its melting
point.

V. Results
Emissi il

The complete measured axial emission
spectrum in the visible region is shown (solid) in

Figure 10 for an arcjet specific power of 220
MJ/kg. The calculated spectrum using the axial
properties of Figure 1 is also shown (dashed). The
baseline or background emission, corresponding to
a cathode temperature of 3830 K, is seen to agree
well with the measured spectrum above 550 nm.
However, the simulated spectrum considerably
underpredicts the width and intensities of the four
lowest Balmer lines.

To understand this discrepancy, an investigation
was performed to determine which property has the
greatest effect on these line intensities and it was
found that only an increase in the electron number
density could significantly increases these line
intensities. For the purpose of comparison, the
axial emission was modeled using the same plasma
temperature, axial velocity and atomic hydrogen
number density given in Figure 1, but with the
electron number density increased everywhere by a
factor of three. This simulation, shown dotted in
Figure 10, agrees remarkably well with the
measured spectrum for all of the Balmer lines
except perhaps Hs. (However, at the short
wavelengths the measured spectrum may be
inaccurate due to the difficulty in calibrating the
intensity.) Since such a large increase in electron
density increases the continuum radiation
considerably, the cathode temperature had to be
lowered by approximately ten percent to fit the
measured background emission. Nevertheless,
these results indicate that the MHD arcjet model is
underpredicting the near-cathode electron number
density by a factor of approximately three.

tr u ensi

Typical measured Hy lines are shown at various
specific power levels in Figure 9. These lines show
clearly the previously mentioned absorption dip

_ near line center and the Stark red shift of the

linewings. The measured electron number density
in the near-cathode region is shown as a function of
specific power in Figure 11 for both the 5 kW and 1
kW arcjets. Although the uncertainties are large,
the densities show an increasing trend with specific
power. In the 5 kW arcjet, the measured arc
electron densities increase from about 2.5 x 1023 to
8 x 1023 m™3 over a specific power range from 125
to 238 MJ/kg. The results for the 1 kW arcjet also
show a similar increase. These trends are
consistent with the fact that the arc current
increases with increasing arcjet power. At a fixed
mass flow rate, it is then expected that the plasma
conductivity, and hence electron number density, in




the arc would increase with current density, and
therefore power.

The 1 kW and 5 kW arcjet results can not be
compared directly since both the arcjet geometry
and the mass flow rates are different. However, the
1 kW results can be compared to peak near-cathode
electron densities computed by the arcjet model of
Butler and King,2-3 shown as a dashed line in
Figure 11. The agreement is quite good keeping in
mind the uncertainties in the measurements, the
approximations and numerical difficulties in
modeling the arcjet, and the fact that the model
results are peak electron densities while the
measurements are line-of-sight averages over a
small region near the cathode.

The arc electron number density was also
measured as a function of radial position at a
specific power of 238 MIJ/kg. The results are
shown in Figure 12, along with the radial
distribution of electron density in the constrictor
(dashes) and at the cathode tip (dots) as determined
by the MHD arcjet model. The measured densities
are larger than the model predictions near the line
center by a factor of perhaps two to four, which is
in quantitative agreement with the previous
conclusion that the model predicts arc electron
densities too low by a factor of about three. The
discrepancy between the measured and modeled
electron densities become very large away from the
arcjet centerline. The measured densities are
probably artificially high here because of the finite
spatial resolution of the collection optics and the
transient instabilities in the location of the arc.
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The cathode temperature was measured from
the spectral background in the manner described
above. Using the axial properties from the MHD
arcjet model, a cathode temperature of 3830 K
gives the best fit to the measured spectrum of
Figure 10. However, using the corrected electron
number densities, the cathode temperature must be
reduced by about ten percent due to the increased
continuum radiation component of the background.
Because of this uncertainty, it is preferable to have
a means of measuring the cathode temperature
which is independent of the MHD arcjet model.

This is achieved by assuming that the effect of
the continuum radiation on the background
spectrum can be reasonably well approximated by a
uniform arc of some unknown length. The electron

number density in the arc is taken to be the value
measured from the Hg linewings, while the
temperature and atomic density are assumed to be
values typical of the arc. For the results presented
here these values are 50,000 K and 6 x 102! m3
respectively. The resulting spectrum is calculated
using these plasma properties and the cathode
thermal radiative properties. By fixing the cathode
spectral emissivity at 0.4, the calculated
background is fit to the measured spectrum, with
the parameters of the fit being the cathode
temperature and the thickness of the arc. The
resulting cathode temperature measurements are
shown in Figure 13. In all cases, an arc length of
0.29 mm was found to give the best fit. The error
bars shown in Figure 13 are due -only to the
uncertainty in fitting the calculated spectrum to the
measured spectrum, and not due to systematic
errors in the measurement technique.

The measured cathode temperatures show an
increasing trend with specific power. This may be
explained by an increase in the current density at
the arc attachment with increasing arcjet power,
consistent with the measured increase in plasma
conductivity, or electron number density, as
discussed above. However, the cathode
temperatures are found to be somewhat below the
melting point of pure tungsten, which is
inconsistent with documented cathode erosion
measurements inferring the presence of a molten
pool of tungsten at the cathode tip.3®8 This
discrepancy may be accounted for in the
uncertainty in the spectral emissivity of molten
tungsten at normal incidence. If the emissivity is
below 0.4 then the temperatures will be larger than
those shown here.

Having obtained a measurement of the cathode
temperature, the electric field at the cathode tip and
the cathode fall voltage can be estimated.
Inspection of the cathode tip revealed a small crater
of 0.75 mm ‘diameter. At 220 MJ/kg the arcjet
current was 36.0 A, and assuming that current was
uniformly distributed over the crater, the resulting
current density is approximately 8 x 107 A/m2. The
Shottky-enhanced thermionic emission current
density, ju, is given by3?
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where E is the electric field, T, is the cathode
temperature, and ¢, is the work function. The




constant A is given by
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Assuming a work function of 4.5 V for tungsten,*0
and a measured cathode temperature of roughly
3700 K, an electric field of 5 x 108 V/m is required
to produce the specified current density. Little
experimental data exists on field strengths near
cathodes in high pressure arcs; however, calculated
values in the 108 V/m range have been reported.*!
The sheath thickness is approximately 10-% m,
which implies a cathode fall voltage on the order of
5 volts. This agrees well with typical high pressure
discharges.42

It is clear that field enhancement of the
thermionic emission must be considered, since
neglecting the electric field would necessitate a
cathode temperature of 4400 K to sustain the
required current density. However, such a high
cathode temperature is inconsistent with the
measured emission spectrum. With a cathode
temperature of 4400 K, the calculated emission

spectrum can be lowered to the measured

background only by reducing the emissivity to 0.1;
however, the agreement between the two spectra is
very poor. It is therefore unlikely that the cathode
temperature is this high; consequently, the electric
field must play a significant role in the thermionic
emission process at the cathode.

V1. Summary and Conclusions

In this study the axial emission of a 5 kW class
hydrogen arcjet was investigated, both numerically
and experimentally. The emission spectrum was
simulated numerically by integrating the equation
of radiative transfer from the cathode tip to the
arcjet exit plane. The atomic hydrogen excited
state number densities were determined using a
collisional-radiative model and the axial property
inputs of kinetic temperature, axial velocity, total
hydrogen density and electron density were
obtained from a one-fluid MHD arcjet model of
Butler and King.23 The experiments were
performed on a NASA LeRC designed radiation-
cooled 5 kW arcjet thruster. The measured and
simulated axial emission spectra are in excellent
agreement when the electron number density is
increased in the arc by a factor of three from the
model predictions. This indicates that the present
model is underpredicting the arc electron density.
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Since the arc is fully ionized, an increase in the
modeled electron density would require an increase
in pressure. For a fixed mass flow rate this can
only be achieved by increasing the arcjet power,
resulting in a decrease in efficiency. However, this
is desirable since the present model overpredicts
the arcjet efficiency.!6:17

The near-cathode electron number density was
measured from the Stark broadening of the
linewings of the Hg line. There is considerable
statistical error in this measurement technique
which results in uncertainties in number density by
a factor of two or more. Nevertheless, the
measurements indicate that the arc electron density
increases with specific power at a constant mass
flow rate, which suggests that the arc current
density increases with arcjet power rather than, or
perhaps in addition to, an increase in the arc cross-
sectional area. The radial distribution of the
measured electron number density in the near-
cathode region was compared to the arcjet model of
Butler and King.23 Near the arcjet centerline, the
measured densities were greater than those of the
model by a factor of two to four, which is
consistent . with the previously mentioned
discrepancy. Away from the centerline the
measurements are less reliable because of the
limited spatial resolution and the instability of the
arc.

The cathode tip temperature was measured at
three different power levels and found to be in the
neighbourhood - of, but somewhat below, the
melting point of pure tungsten, and increases with
arcjet power. The latter result can be realized by an
increase in current density at the arc attachment,
which is in agreement with the measured increase
in plasma conductivity, or electron number density,
near the cathode. The former result is inconsistent
with observations that the cathode tip is in a molten -
state during arcjet operation.3® However, this
discrepancy may be attributed to the uncertainty in
the spectral emissivity of molten tungsten.
Assuming a cathode temperature at the melting
point, a calculation of the Shottky-enhanced
thermionic emission from the cathode gives a
cathode fall voltage in agreement with those of high
pressure discharges. The accuracy of the cathode
temperature measurements would be significantly
improved with a better understanding of the
spectral emissivity of molten tungsten.
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RAMAN SCATTERING MEASUREMENTS OF MOLECULAR
HYDROGEN IN AN ARCJET THRUSTER PLUME

Doug R. Beattie” and Mark A. Cappelli”
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Department of Mechanical Engineering
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Abstract

Raman scattering measurements of molecular hydrogen density and temperature were made in the
plume of a I kW-class hydrogen arcjet thruster. Pulsed-laser excitation was used to improve the signal-to-noise
ratio in this high-background environment. Quantum-limited detection was achieved through the use of gated
photon counting and a high-power Nd:YAG laser. Radial profiles of rotational temperature and density at the
exit plane were measured for 5 power levels. In all cases the profiles were asymmetric about the arcjet center-
line. The rotational temperatures were compared with the translational temperatures of atomic hydrogen from
LIF studies and found to be significantly lower. This result suggests that this flow, like the cold flow, is not in

translational-rotational equilibrium.

Introduction

Arcjet thrusters are a type of electric-powered
rocket which can be used for propulsion of space vehi-
cles. They offer higher exhaust velocities than conven-
tional chemical rockets; hence they require less
propellant mass to deliver a given impulse. For certain
missions, arcjets offer a good compromise between the
often conflicting requirements of small size and low mass
for the thruster and propellant combined. They are now
being commercially employed in station-keeping roles on
communication satellites.

There is a desire to increase both the thermal
efficiency and exhaust velocities of current designs in
order improve cost effectiveness and allow for use in a
wider range of missions. Furthermore, there is interest in
developing higher thrust versions which could be used in
applications such as orbit transfer. Such improvements
will depend partly on a better understanding of the
plasma and gas dynamic processes undergone in the arc-
jet nozzle.

Currently both numerical analysis and experi-
mental studies are being used to investigate flow proper-
ties in low-power arcjet thrusters. Attempts at modelling
the plasma flow in hydrogen arcjet thrusters use both
continuum (Butler et al. 1994, Miller and Martinez-

Sanchez 1993) and Monte Carlo techniques (Boyd et al.
1994). These models are useful in understanding the var-
ious loss mechanisms in an arcjet, including anode radia-
tion, ionization, dissociation and other frozen-flow losses.
Numerical models with accurate predictive capabilities
will also be very helpful by allowing parametric studies to
be performed much more easily than by testing proto-
types in the laboratory. However, experimental measure-
ments of relevant physical parameters in both the nozzle
and plume are needed to validate these models. Of partic-
ular interest are density, temperature and velocity mea-
surements of atomic hydrogen (H) and molecular
hydrogen (Hs).

Recent studies have relied primarily on optical
diagnostics such as emission, absorption, and fluores-
cence. Optical techniques have the potential advantages
of high spatial resolution and minimal perturbation to the
flow field and most efforts have probed atomic hydrogen
because of the large number of transitions in the visible
spectrum. These experiments have included measure-
ments of: H velocity and translational temperature using
laser induced fluorescence (LIF) of the H, Balmer line
(Liebeskind et al. 1993), H density using vacuum ultravi-
olet absorption (Manzella and Cappelli 1992) and multi-
photon LIF (Pobst et al. 1995), and H temperature and
electron density using emission (Storm and Cappelli
1994).
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Molecular hydrogen (like other homonuclear,
diatomic molecules) does not undergo radiative transi-
tions between rotational or vibrational levels in the
ground electronic state since it does not have a dipole
moment. As a result, one can not use emission, absorp-
tion or fluorescence techniques to study these energy
states. Until now, measurements of Hy properties have
been limited to spatially averaged absorption measure-
ments (Pollard 1992) and density and temperature mea-
surements in the distant plume using mass sampling
spectroscopy (Pollard 1993). However, numerical simula-
tions (Butler et al. 1994) have predicted that ~95% of the
mass flow at the exit plane is molecular hydrogen so it is
important to have experimental data on H; exit-plane
properties. '

The research described in this paper involved
making measurements of molecular hydrogen properties
in the plume of a hydrogen arcjet thruster. Spontaneous
Raman scattering was chosen as a suitable technique for
making spatially resolved measurements of the ground
electronic state of Hy. Raman scattering is a linear, inelas-
tic, two-photon scattering process. It can be used to mea-
sure the density of various rotational and vibrational
levels, allowing calculation of the total H; density and the
rotational and vibrational temperatures. Measurements
of the Doppler shift of the scattered light can provide the
velocity distribution function, which gives both the bulk
velocity and the translational temperature. The primary
disadvantage of Raman scattering is the very low signal
levels involved. Typical scattering cross sections are 1073
m?, or about 1000 times smaller than Rayleigh (elastic)
scattering cross sections. As a result, the data collection
process is generally very slow and it can be difficult to
detect the signal in a luminous background, such as an
arcjet thruster plume.

In this study, the population of various rotational
levels was measured, giving the rotational temperature
and density. Initial measurements (Beattie and Cappelli
1992) were made in the plume of a-cold-flowing arcjet
thruster. These flow conditions were well suited to devel-
oping both the experimental and numerical methods.
Exit-plane profiles showed strong two-dimensionality in
the flow, and also a moderate degree of asymmetry about
the axis. The measured rotational temperatures on cen-
terline were significantly higher than expected for isen-
tropic flow, suggesting that the flow was not in rotational-
translational equilibrium. Comparison of the results with
Monte Carlo numerical simulations (Boyd et al. 1994)
confirmed this result. Good agreement was obtained
between experimental and modeling results for density
and rotational temperature profiles by using a slightly
lower value of the rotational relaxation rate than the
accepted values. Axial profiles of density were also mea-
sured at various back pressures. Shock structure was vis-

ible downstream of the exit plane, and the shock behavior
with changing pressure was consistent with gas dynarmic
theory and the simulation results.

Theory

The Raman effect is a linear, inelastic, two-pho-
ton scattering process. An incident photon of frequency
Vg Scatters off a particle, causing a transition in the parti-
cle from the initial state 7 to a final state f. Since the sys-
tem energy is conserved, the scattered photon must be
shifted in energy correspondingly:

£ tE, ;=

mol. ¢ EmoLsF Ev r

1
Ag, = -Ag (1

mol?

where g, and g, are the energy of the molecule and
photon respectively. In the harmonic oscillator-rigid
rotor approximation, the molecular energy can be writ-
ten as:

€

‘mol + Enucl' (2)

= &

trans + grot + Evib +E

elec
The Raman transitions under consideration here all
begin and end in the ground electronic state. Further-
more, changes in the translational and nuclear energy
components as a result of the Raman scattering process
are small. Hence the changes in &, can be approxi-
mated as changes in the rotational and vibrational states,
allowing Eq. (1) to be written as:

Ag, = -Ag_ (v, J). 3)

For a diatomic molecule, the selection rules are
AJ =0, £2 and Av = 0, =1, where AJ = J; - J; and
Av = v, - ;. The case of AJ =0 and Av = 0 is actually
Rayleigh scattering. Scattering is designated as purely
rotational when AJ = +2 and Av = 0, purely vibrational
when AJ = 0 and Av = 1, and rotational-vibrational
when AJ = £2 and Av = *1.

Theoretical Raman spectra were calculated for
H, in equilibrium at a given temperature and density. The
Raman energy shifts were taken from the experimentally-
measured values of Veirs and Rosenblatt (1987) for pure
rotational, vibrational and rotational-vibrational transi-
tions from v, = 0 and J; = 0 through J; = 5 (6 for Q
branch). These measurements are in excellent agree-
ment with the quantum mechanical calculations of
Wolniewicz (1983), differing by less than one part in 10”

The H, Raman line shape is primarily determined
by Doppler and collisional effects (Rahn et al. 1991). At
the low pressures in these experiments, the transitions
will be primarily Doppler broadened. The Doppler width
for Raman scattering is different than for emission or




absorption, since two photons are involved. By solving
the equations of conservation of energy and momentum,
Weber (1973) shows that the Doppler width is:

[T

of . 2kT )
2 .
AVpwy = E(Zlnrm)“[{l (V3 + vyAvp) smzé +Av1%]

(4)

where @ is the angle between the incident and scattered
light (6 = 180° implies forward scattering), Avg is the
Raman frequency shift, and FWHM denotes the full-
width at half maximum.

Raman cross sections for transitions from v; = 0
and J, = 0 through J; = 3 were calculated by Ford and
Browne (1973) using quantum mechanical evaluations of
the dynamic polarizability. Their results are in good
agreement with previous experimental measurements
and calculations. The cross sections were obtained at the
excitation wavelength of interest using their 8™ order
expansion in wavelength. Cross sections for states J; = 4
and higher were not available, so they were estimated
from the J; = 3 value taking into account the v fre-
quency dependence.

In a typical Raman experiment, the incident pho-
tons are provided by a laser beam at a rate Ny, and light
scattered into a solid angle dQ is collected from a beam
segment of length /. The rate of Raman photons scattered
for a transition from the initial state ¢ to the final state fis:

%)

. n; ao
Ni,f = lVLanrr—L; d_Q 1.fdQ

where N is the incident laser photon rate, 7g is the
molecular number density, 7; / 7 is the population frac-
tion in the initial state. and (do /d£),  is the differen-
tial Raman cross section for the transition from < to f.

The population fractions 7, /1y were calculated
assuming the gas was in local thermodynamic equilibrium
(LTE) with the molecules obeying Boltzmann statistics,
in which case:

-£,/kT
n, g
21 - -€/kT
0 ZU’:@
; (6)
-£/kT
g,e
q

where g is the molecular partition function. Neglecting
interactions between all energy modes except rotational
and nuclear, the total molecular wavefunction for H, may
be expressed as follows:

M

Wl otal = l’ytmns lIV\'ib l'Uelec Wror.nucl

)

which implies:

€iotal = Etrans ¥ Evib +Elec t f':rot,nucl' ®
Hence the partition function can be factored as follows:
q= qtra.nsqelecqvibqrot,nucl (9)

allowing the population fraction for a particular state of
an energy mode to be calculated independently of the
other modes. For example, the population fraction in the
vibrational state v is:
-&,, (V) /KT
n(w) _ (V)€

" You e
v

which only requires knowledge of the vibrational energy
levels and degeneracies. The vibrational populations
were calculated using the harmonic-oscillator approxi-
mation with Aggp(w=0—-v=1) from Wolniewicz
(1983) used as the vibrational energy constant. The
error introduced by making the harmonic approximaticn
is small at the temperatures involved in this study, since
most of the molecules are in the ground vibrational state
(>95% at T <2000K). The rotational energies were
taken from a 6 parameter fit to experimental data pro-
vided by Jennings et al. (1985). These energy levels
agree to better than 1 part in 10* with the previously
mentioned results of Veirs and Rosenblatt (1987) and
Wolniewicz (1983). The electronic partition function was
taken as unity. Furthermore, all measurements taken
were integrated over essentially all translational veloci-
ties, so the translational partition function can be
neglected.

e (V) /KT (10)

Unlike the other energy modes, the rotational
and nuclear modes interact, so their populations may not
be calculated independently. A hydrogen nucleus (pro-
ton) is a fermion with spin of I = 1/2. As a result, the
wavefunction of an Hy molecule must be antisymmetric
with respect to interchange of the two nuclei. This prop-
erty results in a restriction on the symmetry of the rota-
tional wavefunction. For Hp in the ground electronic
state, the electronic wavefunction is symmetric. In addi-
tion, the translational and vibrational wavefunctions are
both symmetric. The only components of W Which can
be antisymmetric are Yoy and Yy, There are 4 possible
nuclear spin states of the 2 nuclei: 3 symmetric states
with parallel spins (often referred to as ortho-hydrogen),
and | antisymmetric state with opposed spins (para-
hydrogen). The rotational wavefunctions are symametric
for even J and antisymmetric for odd J. Hence there are
only two ways of satisfying the antisymmetric constraint
on the total wavefunction: (i) coupling a symmetric
nuclear spin state (ortho) with an antisymmetric rota-
tional state (odd J) or (ii) coupling the antissmmetric
nuclear spin state (para) with a symmetric rotational
state (evenJ).




The rotational-nuclear partition function is cal-
culated as follows:

/kT

- an

~E

qrot.nucl = Z gnuclgrohe
J=0

where g, is the rotational degeneracy (2J + 1), gpyq 18
the nuclear degeneracy (3 for odd J, 1 for even J), and
the nuclear state energy &n,q is neglected. The nuclear
degeneracy ratio of 3:1 (ortho-para) results in a 3:1 sta-
tistical weighting of the odd-even J states. At tempera-
tures above 300 K, the upper rotational states are
sufficiently populated in equilibrium that the ortho-para
ratio is in fact 3:1. At lower temperatures, the population
increasingly fills the J = 0 state, and the equilibrium
ortho-para ratio decreases. In the limit as T approaches
0, the equilibrium ortho-para ratio also approaches 0.

Using the previously outlined techniques, the
predicted signal from H, at reference conditions (7 =
300 K, P = 101 325 Pa) is shown in Figure 1 for various
rotational and/or vibrational transitions from v; = 0. The
plot shows the intensity versus wavelength for excitation
by a 2 W laser at 532 nm, with [ = 2 mm, d£2 = 0.024 sr,
and a detection system efficiency (detected photons per
collected photon) of 74 = 0.005. The Rayleigh line is
shown for comparison, though it is ~1000 times more
intense than the strongest Raman transition. The lowest
4 rotational states are shown, since they are the only ones
with a significant population at this temperature. The
pure rotational transitions. near the Rayleigh line, are the
most intense at up to 6000 photon s™1. However the
slightly weaker pure vibrational transitions near 680 nm
were used in these experiments for two reasons. First,
they are well separated from the laser wavelength, which
makes it easier to separate them from elastically scat-
tered light due to both Rayleigh scattering and reflections
off the arcjet and chamber walls. Second, since the vari-
ous transitions are close together they can be measured
in a single, short spectral scan. These transitions are
shown in more detail in Figure 2. To indicate how these
features might appear with typical instrument resolution,
the spectrum was also convolved with a triangular func-
tion of 0.2 nm FWHM. Under these conditions, all the
peaks are resolved except J = 0 and J = 1. However, only
the wings of these two lines overlap and the centerline
intensity is unaffected by the adjacent transition. Table 1
shows a summary of these calculations, including the
transition wavelengths. cross sections and intensities.
The Q-branch transitions are highlighted and Rayleigh
scattering information is included for cormparison.

In order to determine if Raman scattering is a
feasible technique for use in the arcjet plume, Raman
spectra were calculated for the estimated flow condi-
tions. The average exit-plane density was estimated at
ix10* m™ using 6000 m 57t as a typical mass-averaged
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Figure 1 Raman intensity versus wavelength for various
rotational and/or vibrational transitions from H, at refer-
ence conditions.
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Figure 2 Raman intensity versus wavelength for pure
vibrational transitions under the same conditions as
Figure 1.

exhaust velocity. The rotational temperature was esti-
mated to be 1500 K based on the absorption measure-
ments of Pollard (1993). Using these conditions. the
spectrum shown in Figure 3 was calculated using the
same setup parameters as for the reference calculation.
The maximum estimated signal level is 0.6 photon 57!
from the J = 3 transition. At these higher temperatures,
the population is spread out over more rotational levels.
with significant population in all 7 of the rotational states
shown. The coupling of the rotational degeneracy to the
nuclear spin degeneracy is evident from the alternating
high-low intensity of the odd-even transitions. These very
low signal estimates suggest that detection of the Raman
scattering will be difficult, especially in the highly lumi-
nous background of the plume. Long collection periods
will likely be required in order to accumulate statstically
significant data.




Table 1 Summary of Raman transition data at refer-
ence conditions using an incident wavelength of
532.1 nm, with the Q-branch transitions highlighted.

vl || Jy A Agglhe | niing c Npg
(mm) | (m™) 108 m?) | ™
0] 0] 0| 2]542.326| 35437 | 0.128 3292| 21154
0| 0| 1| 3}540.258| 58709 | 0.657 1914 | 6295.7
0] 0| 2| 4556204 | 81446 |0.117 1.635 960.3
0| 0| 3| 5]563.102 | 103470 | 0.092 1.485 682.5
0] 1| 0] 0683421416120 | 0.128 1.000 642.5
0} 1| 1| 1]683.145 | 415528 | 0.657 1.067 3509.1
0| 12| 2682595 | 414349 | 0.117 1.065 625.7
0| 1| 3| 3681777 | 412590 | 0.092 1.079 495.8
0| 1{ 4| 4]680.695 | 410259 | 0.004 1.084 23.1
0| 1| 5| 5]679.359 | 407370 | 0.001 1.090 55
0| 1|6/ 6|677.782 | 403945 | 0.000 1.098 0.1
0] 1] 0] 2699515 | 449785 | 0.128 0.201 128.9
o| 1| 1] 8| 710201 | 471294 | 0.657 0.117 383.6
0] 1| 2] 4| 720646 | 491703 | 0.117 0.032 185
0| 1|3 5]|730.725 | 510842 | 0.092 0.021 9.9
o] 1] 2] 0]667.263 | 380686 | 0.117 0.023 136
0| 1| 3] 1]656.805 | 356824 | 0.092 0.032 14.6
o]l o] 0] 0]532.100 0]0128| 109.403] 70310.4
0| 0| 1] 1]532.100 00657 | 111.182 | 365710.2
0| 0| 2] 2]532.100 0]0.117| 111.462| 65460.9
0| 0| 3| 3]532.100 00092 | 112522| 51714.8
Experiment

The arcjet thruster uses an electric arc to heat
propellant to high temperatures, often 10 000 to 20 000
K. The hot gases are then expanded through a Laval noz-
zle. The arc passes from the cathode to the nozzle walls,
which act as the anode. The arcjet nozzle is machined
from a tungsten alloy containing 98% W and 2% Th. Both
the converging and diverging sections are conical, with
half angles of 30° and 20° respectively. The nozzle diverg-
ing section has a 225:1 area ratio relative to the 0.64 mm
diameter throat. The cathode is machined from a rod of
the same alloy, with a tip angle matching that of the con-
verging section. The cathode is installed by placing it in
contact with the converging section, then pulling it
0.7 mm back. A drawing of the nozzle is shown in
Figure 4. The anode is held by a stainless-steel anode
housing which is bolted to the anode body. The cathode is
insulated from the housing with a boron nitride sleeve.
The hydrogen is injected tangentially through two small
passages in the injector disk upstream of the cathode tip.
The swirl imparted by this injection mechanism is
believed to help stabilize the arc, primarily during star-
tup.
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Figure 3 Predicted Raman intensity versus wavelength
at the exit plane of the arc-ignited thruster.

The arcjet used for these experiments was a 1kW
class NASA laboratory hydrogen thruster. The thruster
was operated in a vacuum chamber 1.09 m long and
0.53 m in diameter with optical access through 75 mm
diameter ports.It was mounted on a two-axis axial and
radial translation stage. Twelve optical ports were located
at 30° intervals around the circumference of the tank,
with additional ports in the endwall. The tank was evacu-
ated by two Roots blowers backed by mechanical rough-
ing pumps with a total capacity of 1.2 m? s™'. This system
was capable of maintaining a back pressure of 432 Pa
while flowing 13.3 mg s~} hydrogen.

In the previous cold flow experiments (Beattie
and Cappelli 1992, Boyd et al. 1994, Beattie 1995) a CW
laser was used. However, in order to improve the signal-
to-noise ratio (SNR), a pulsed laser excitation scheme
was chosen here. The Nd:YAG laser used was a Spectra
Physics DCR-1 flashlamp-pumped, solid-state model. The
output was frequency doubled using a type II KDP crys-
tal, and the 532 nm light was separated using two dich-
roic filters. When operating at a 10 Hz repetition rate, the
laser was capable of producing 200 mJ pulses at 532 nm
with a 10 ns length.

Initially, the laser beam was sent axially into the
arcjet through a port in the chamber endwall, as in the
cold-flow experiments. However, the beam intensity at
nozzle was so high that each laser pulse created a tung-
sten plasma and after a relatively short period of time, the
nozzle was visibly eroded by the laser. In order to allow
full laser energy to be utilized, the setup was modified to
send the laser beam radially into the arcjet plume. The
laser was sent in through a port 30° from vertical and
directly out through the opposite port (Figure 5).
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Figure 4 Drawing of the 1 kW-class arcjet nozzle and
cathode, showing key dimensions in mm.
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The scattered light was collected at 8 = 120°
through a port located in the same circumferential plane
as the laser at optical table level, and was focused onto a
spectrometer entrance slit with an achromatic two-lens
system as shown in Figure 6. The collection lens
(f = +400 mm, d = 76 mm) was limited to f/5.7 by the
port geometry. The focusing lens (f = +600 mm,
d = 76 mm) was chosen to match the spectrometer f-
number. The spatial resolution was 2 mm in the radial
direction, determined by the slit height, and 0.25 mm in
the axial direction, determined by the slit width. The
spectrometer was a 1.0 m focal length f78.7 single-pass
Czerny-Turner design (Jarrell Ash 78-466).The grating
was an 1800 line/mm holographic model with high effi-
ciency frorm 400 to 1000 nm. A long-pass filter (Schott OG
590) was placed before the entrance slit to further
reduce the intensity of collected laser light to negligible
levels (108). The spectrometer slits were 400 u m giving
a spectral resolution of ~0.2 nm.

Light was detected at the exit slits with a
Hamamatsu R928 photomultiplier tube (PMT) which had
an efficiency of 6% at 680 nm and was operated at 1000 V.
The output was amplified by an integral socket/preampli-
fier assembly (Hamamatsu C716-01) and sent to a photon
counter (SRS 400). The counter was triggered by the
laser using a photodiode. The 15 ns gate width was as
narrow as possible to maximize the background rejection
while still being wide enough to capture the peak of the
signal pulse including jitter. The gate delay was first set
approximately by simultaneously monitoring the counter
input signal and the gate output on a two-channel oscillo-
scope. To set it more accurately, the count rate was
recorded for a constant level of pulsed-light input to the
detector. The delay was then scanned over the time-
frame of interest and set at the position of the maximum
count rate.

Collection lens #2
Collection lens #1

Nd:YAG beam

Laser lens
\ Vacuum chamber

Arcjet thruster

Beam dump

Figure 5 Schematic diagram of laser and collection
optics (front view).

Nd:YAG Laser

Spectrometer

Data acquisition
computer

\Arcjet thruster

P

Photon counter

PMT and preamplifier

Long-pass filter \' Vacuum chamber

Figure 6 Schematic diagram of experimental apparatus
(plan view)

The counter was gated to the laser pulse using a
photodiode. Counts are only accurmnulated when the
counter is gated. The photon pulse height distribution
peaked at ~300 mV and the lower level discriminator was
set to 100 mV. The spectrometer was scanned over the
spectral region of interest and the photon counter output
was recorded on a 486 computer using SRS 440 software.

The system was calibrated for absolute efficiency
by measuring the Raman scattering from stagnant Hs at a
known temperature and pressure. In order to account for
the different efficiency at each transition, the relative
efficiency versus wavelength was measured using a tung-
sten strip lamp. This second calibration was necessary
since the transitions from J = 4 through 6 were too weak
at room temperature to be accurately measured.

Results and Analysis

Given the low signal levels expected in the arc-
ignited flow, it was feasible to make measurements at
only a few spatial positions. Since arcjet performance is




determined entirely by the exit plane properties, data
was collected as close to the exit as possible. Measure-
ments were taken at 5 radial locations each 2 mm apart.
With spatial resolution of 2 mm radially, this mesh cov-
ered the entire exit plane with no overlapping of seg-
ments. The arcjet was positioned at z = +4.0 mm and the
data acquisition program was started. The signal was
recorded for 4000 laser pulses (~400 s) at each of the 5
positions across the exit plane.

Radial profiles in the arcjet plume were taken at
5 power levels: 800, 900, 1000, 1200, and 1400 W. With
the hydrogen mass flow at 13.3 mg s71, the corresponding
specific power levels were from 60 MJ kg™! to
106 MJ kg™!. A plot of the Raman signal versus radial
position for the 900 W case is shown in Figure 7. The sig-
nal levels ranged from under 300 photons
(0.7 photon s~!) from state J = 1 to 5 photons
(0.01 photon s™!) from J = 6. One notable feature is that
the data is not symmetrical about z = 0. This asymmetry
was observed at all power levels, although to varying
degrees. In order to determine if this effect was system-
atic, one data set was taken by scanning the arcjet up for
some J values and down for the others. However, there
was no correlation between the scan direction and the
asymmetry. Furthermore, the plume emission provided
confirmation that the arcjet was properly centered. The
plume emission that was measured simultaneously with
the Raman scattering using the CW gate is shown in
Figure 8 for the 900 W case. Gaussian curves were fitted
to the emission to check the centering and in all cases the
center of the fit was within 50 um of 2 = 0. The emission
intensity varied with J depending on whether the Raman
transition wavelength coincided with any Hy; emission
lines.

The first step in the analysis was to correct the
data for possible saturation effects, which arise when
consecutive photons overlap within the temporal resolu-
tion of the photon counting electronics (Beattie 1995).
This correction was negligible except in the calibration
scans, where the J = 1 peak was reduced ~20% by satu-
ration. Next, the contribution of the CW signal to the
gated counts was subtracted, using the measured CW
rejection ratio of 6.4x108. This amount was no more than
4 counts at the 1400 W power level and less than 1 count
at 800 W. With signal levels typically 40 to 200 counts, the
largest source of error was the statistical variation in Ng,
with the SNR equal to JZVR . The raw data was normalized
by the laser power and relative efficiency at each transi-
tion. Then a best fit was performed to the corrected data
using a function which assumed that the flow was in local
thermodynamic equilibrium (LTE) with rotational popu-
lation distributions dictated by a rotational temperature.
The two parameters in this fit (LTE fit) were the H, tem-
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Figure 7 Raman signal versus radial position at 900 W
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Figure 8 Plume emission signal measured simulta-
neously with the Raman signal shown in Figure 7.

perature and density. For the data presented here, states
J = 0 through 3 were used for calibration and states J=0
through 6 were used in the plume.

The corrected calibration data and LTE fit inten-
sities are plotted as a function of wavelength in Figure 9
and in a Boltzmann plot in Figure IQ. The data in Figure
9 is normalized by the laser pulse energy in Joules .
The excellent agreement is primarily due to the good
SNR afforded by the relatively high density at 100 Pa.
The LTE fit temperature of 303 + 9 K is consistent with
the measured room temperature of 300 K. The intensity
of the transitions from J = 4 through J = 6 are shown for
the LTE fit, but were not measured because of their rela-
tive weakness at this temperature.
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Figure 9 Normalized Raman signal versus wavelength
from calibration data.
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Figure 10 Boltzmann plot of rotational population frac-
tions from Figure 9.

Figure 11 shows a plot of the corrected data
from Figure 7 at 2 = 0 mm along with the results of the
LTE fit. As an indication of how weak the scattering pro-
cess is, the normalized peak signal of 0.3 photon J! cor-
responds to 1 detected photon for every 10'° laser
photons. The corresponding Boltzmann plot of the data is
shown in Figure 12. This data was typical in that all but 2
or 3 points fell within one standard error of the intensity
fit. For data following a Poisson distribution, one would
expect measurements to lie within one standard error
68% of the time (for large N). Thus the observed agree-
ment of the data with the fit is quite reasonable.

The temperature profile across the arcjet exit
plane is plotted in Figure 13 for the 900 W case. There is
arelatively small variation in temperature across the exit
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Figure 11 Normalized Raman signal versus wavelength
measured at x = 2 mm and 2 = 0 mm while operating at
P=900W.
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Figure 12 Boltzmann plot of data in Figure 11, showing
the measured density and rotational temperature, along
with the calculated pressure.

plane, ranging from 750 to 1120 K. The asymmetry that
was apparent in the raw data is also evident here, with
the peak temperature located at z = -2 mm, rather than
along the centerline as expected. The asymmetry
appears again in the density profile shown in Figure 14,
except that the peak density is located at z = +2 mm. The
shape is more peaked than for temperature, with the
maximum density slightly more than double the mini-
mum.

The temperature profiles measured at the 5
power levels are plotted in Figure 15. Similar asymme-
tries are evident to varying degrees in all cases. The max-
imum temperature always occurs at either z = -2 or
z = -4 mm. The temperatures generally rise across the
entire exit plane as the power is increased. This behavior
is illustrated in Figure 16, where the maximum measured
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Figure 14 H, density versus radial position for the
900 W power level.

temperature is plotted as a function on arcjet power. The
maximum temperature was chosen instead of the center-
line temperature in order to allow a consistent quantity to
be compared between profiles of varying shape. The
results range from T,y = 960 K at 800 W to 1850 K at
1400 W, with a relatively smooth upward trend associated
with increasing power.

The corresponding density profiles are plotted in
Figure 17. Again, the profiles were all asymmetric, with
the maximum density at = = +2 mm except for the 800 W
power level. The densities range from 2.8x10%! to
8.8x10%! m~?, all below the predicted value of 9x10%! m™,
This difference is not surprising, since that prediction
was based on the assumption that the exhaust was 100%
Hs at a uniform velocity.
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Figure 15 Rotational temperature versus radial posi-
tions for 5 power levels.
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jet power level.

Discussion

The H, rotational temperatures were compared
to previous experimental results. The H translational
temperature was previously measured on the same facil-
ity using LIF and emission of the Balmer o line. In the LIF
study (Liebeskind et al. 1993), the mass flow rate was
reported as 13.7 mg s~ (versus 13.3 mg s™" here) and the
power levels were 870, 1000, and 1500 W. This LIF data
was re-analyzed to account for Stark broadening (Storm
and Cappelli 1995) and the resulting temperatures are
significantly lower than the originally published data. The
emission spectra were collected with a flow of 13.3mgs”
and P = 1500 W, and were Abel inverted to give spatially
resolved data. Figure 18 shows a comparison of the exit
plane temperatures from Raman (1400 W), LIF
(1500 W), and emission. The re-analyzed LIF results
show the most peaked temperature distribution, reach-
ing a maximum of 3400 K on axis. and in agreement with
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Figure 18 Comparison of temperature versus radial
position from Raman scattering, LIF, and emission for
P=1500W.

the more recent emission measurements of temperature.
The Raman temperatures are the lowest of all, except
near the edges, where all methods give similar values.
However, the Raman temperatures are consistent with
the absorption measurements of Pollard (1993) which
gave T,,, = 1500 K averaged across the exit plane.

These temperature measurements suggest the
arc-ignited flow is not in rotational-translational equilib-
rium. This result is not entirely unexpected, since the
cold-flow also showed significant rotational non-equilib-
rium. At the higher temperatures in the arc-ignited case,
the rotational collisional number Z,,, decreases which
should bring the flow closer to equilibrium. However, the
density is roughly an order of magnitude lower, which will
have a counteracting effect by reducing the number of
collisions. The lower rotational temperatures can poten-
tially be explained by considering whether Hs should be
in rotational equilibrium as it diffuses to the centre. The

10

number of collisions an H, molecule would undergo while
moving from the nozzle wall to the center is proportional
to Kn~. The mean-free path was estimated for Hy in H
(since the flow is predominantly Hy) using the tabulated
value at room temperature and scaling as n~l. At the
throat A = 0.6 pm, so Kn~! = 500. Since Z,,, = 60 at
2000 K, then Kn™! » Z, and the flow is likely near rota-
tional equilibrium. However, at the exit plane A =500 um
and Kn'= 10, so Kn™! « Z,,,. Hence near the exit plane
the density is sufficiently reduced that H, molecules
could be transported to the center without undergoing
enough collisions to maintain rotational-translational
equilibrium. Molecules colliding with the wall are
expected to equilibrate at the wall temperature which
has been estimated as ~1700 K (Butler et al. 1994).
Hence the walls provide a source of Hy with a rotational
temperature comparable to that measured in the flow.

Summary

Raman scattering measurements of Hy density
and temperature were made at the exit plane of a 1 kW-
class hydrogen arcjet thruster. Unlike in the cold-flow
studies reported previously, pulsed-laser excitation was
used in this study to improve the SNR in this high-back-
ground environment. Quantum-limited detection was
achieved through the use of gated photon counting and a
high-power Nd:YAG laser. Radial profiles of rotational
temperature and density at the exit plane were measured
for 5 power levels. In all cases the profiles were asymmet-
ric about the arcjet centerline. The temperature profiles
were compared with the translational temperatures of H
from LIF studies and the bulk temperature from contin-
uum simulations. The rotational temperatures were sig-
nificantly lower than the other results, implying the flow
is not in translational-rotational equilibrium. This finding
is not so surprising, since results from the cold-flow stud-
ies and simple calculations indicate that rotational equi-
librium is unlikely under cold-flow conditions. These
results also suggest that the predictive capabilities of
numerical simulations of such flows would be enhanced
by incorporating a rotational energy transfer mechanism.
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Abstract

Arc-electrode interaction is the main determinate of arcjet lifetime and one of the key determinates of
performance. The position of the arc and the geometry of the arc attachment at both the cathode and
anode govern the electrode material temperature profiles and power transfer efficiency to the propellant.
The electrode temperature profiles control thruster lifetime due to material loss and deformation. The
energy transfer from the arc to the propellant determines the performance potential of the arcjet.
Therefore, knowledge of the physical nature of the arcjet electrode region is quite important for prediction
of arcjet lifetime and performance. These concerns are important for arcjet use in satellite propulsion as
well as their use as plasma sources for materials processing. The development of a non-intrusive in-situ
measurement technique for on-axis spectral imaging of the electrode region of arcjets is presented herein. A
large field of view and high spatial resolution are achieved. This technique allows measurement of both
cathode and anode temperatures, cathode spot size, and may provide anode attachment geometry
determination in certain cases.

diffuse when the attachment is downstream of the
nozzle throat in a low pressure region, or the arc
attachment can be a constricted-spot attachment
when the attachment is upstream of the nozzle
throat in the high pressure region. However,
questions remain as to the disruption of the arc
caused by anode segmentation. Static pressures
have also been measured for several different
arcjet geometries [5-7]. Imaging of the electrode
region of an exposed cathode plasma device
similar to an arcjet has been performed on-axis and
normal to the flow direction [8]. This study was at
higher powers and with larger electrode
geometry's than normally used with state-of-the-
art arcjets. Axial emission measurements have
also been presented for both low and medium power
arcjets [9-12]. From these measurements various
parameters were calculated including cathode
temperature and electron number densities within
the arcjet.

The purpose of the work presented herein was
to develop a non-intrusive in-situ measurement
technique for on-axis spectral imaging of the
electrode region of a conventional arcjet. This
technique has several advantages over previous
measurement techniques. It provides a large field
* Research Assistant of view and high spatial resolution over the entire
¥ Research Assistant, Member AIAA electrode region. The cathode and most of the
} Associate Professor; Member AIAA 1
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Introduction

The performance of arcjet thrusters as plasma
sources for materials processing and their
performance as electric thrusters for satellite
propulsion depends on several key factors, of
which electrode erosion and arc-electrode
interaction are important.

Arcjet thruster use has increased over the past
five years due to improvements in design and
testing. The present use of arcjets for satellite
propulsion has expanded the operating realm of
these devices and has increased the desire for
further understanding of the electrode erosion
processes and plasma-electrode interaction.
Measurement of electrode temperatures and arc
attachment is difficult due to the harsh thermal
and chemical environment in these regions.
Previous studies have been conducted where
various in-situ measurements were obtained for arc
attachment and cathode temperatures. Segmented
anodes were used to measure arc anode-attachment
for different types of arcjet geometries [1-4]. In
these studies information was obtained showing
that the arc anode-attachment can either be




anode can be viewed simultaneously. This
technique allows measurement of both cathode and
anode temperatures, and cathode spot size. This
measurement technique is flexible and can be used
with any size of arcjet or arcjet-type of device.
This method allows the measurement of the anode
throat temperature which has not been done with
axial emission measurements. The anode throat
size can also be inferred from the images. This
allows a monitoring technique for throat closure,
which can be an operating limitation in the
smaller geometry, higher specific power arcjets of
the present.

The method presented here is similar to
experiments performed on higher power arcjets
which helped to illustrate the effectiveness of
regenerative heating in arcjet nozzles [13].

Experimental Setup

The experimental setup is shown in Figure 1.
The measurements were performed in 1.09m x 0.56 m
diameter stainless steel vacuum chamber
maintained at a background pressure of 0.4 Torr by
mechanical roughing pumps backed by 1250 cfm
blowers. The arcjet observed was a typical NASA
Lewis modular arcjet design used and described
previously [9-11]. The arcjet nozzle had a throat
diameter of 0.635 mm with a 20 degree half angle
divergence section leading to an exit diameter of
9.5 mm (225 area ratio), see Figure 2. The arcjet
cathode was machined from a 1/8" diameter
thoriated tungsten rod with a conical tip at a 30
degree half angle. The cathode was set
approximately 0.45 mm from the anode/nozzle
constrictor.
A high-resolution (12 um per pixel - 384 x
578 pixel area) CCD camera coupled with a tele-
microscope was used for these measurements.
Optical access to the arcjet was acquired through a
3" window downstream of the arcjet exit plane in
the vacuum facility end flange. The end-on view of
the arcjet provided optical access to the cathode
tip and the diverging side of the anode/nozzle.
The CCD camera and the tele-microscope were the
major components of this system. The tele-
microscope is a Questar Corporation, Model DR1
magnifying device. The device has a focal range of
36" to 96" with magnification of 17x (at 36") and 7x
(at 96"). The advantage of this device for this
application was its large field width, 10mm (at
36") and 23mm (at 96"). With other lenses and
attachments the magnification could be increased.
The CCD camera used is a Model # TE/CCD-
576/UV, temperature controlled, Princeton

Instruments Inc. design. The camera has 14 bit A/D
conversion, and exposure time -range of 5ms-23
hours, a readout rate with 100kHz capability, and
a shutter time of 5-6ms. Based on the knowledge of
the spectrum, see Figure 3, a 700nm, 10 nm
bandwidth, and an 810nm, 10 nm bandwidth
interference filter, were chosen such that the
cathode emission could be isolated from the
hydrogen lines and the continuum emission due to
free electrons in the plasma. These interference
filters only pass radiation within the wavelength
window of the filter.

Light emitted from the arcjet was collected by
the tele-microscope through a series of redirecting
mirrors. The tele-microscope was adjusted such
that the focal plane was at the cathode-anode
throat region of the arcjet. The light exiting the
tele-microscope was then focused onto the photo-
sensitive array in the CCD camera. For a given
arcjet operating level, the appropriate exposure
time (controlled by the camera shutter speed) was
chosen such that the array was not saturated but a
significant signal was obtained. The image was
converted to a set of digital signals (one value for
each pixel of the array) within the
detector/controller and the signals were then
stored on a P.C. for post-processing. Images were
acquired for several specific power levels (input
power/propellant flow rate). Intensity calibration
was performed with a tungsten filament lamp,
placed at the position of the arcjet, whose
temperature was determined by a single color
Minolta Cyclops 152 optical pyrometer (iterating
on emissivity).

It was determined that two separate images
were required in order to gain information about
both the cathode and anode temperatures. The
dynamic range of the camera limited the overall
temperature range which could be measured in a
given image. The first set of images taken were to
capture the phenomenon occurring at the cathode.
These images do not provide much useful
information about the anode beyond radii of about
2 mm from the centerline. This data was used to
calculate all of the cathode properties presented in
this paper. Another set of data were then taken
where both the cathode and anode were captured.
At each operating level, the cathode shutter speed
was adjusted so that the radiation emitting from
the cathode tip could be captured without
saturating the CCD array. Directly following this
captured image, the camera exposure time was
increased so that a large enough signal could be
obtained from the radiation emitting from the




anode, while the cathode region in the image was
saturated. Only 3 arcjet operating levels were
investigated with this second method and the
data presented in this paper pertaining to these
images is used to provide information about the
anode.

Results

In order to obtain in-situ images of the cathode
and anode surfaces it is necessary to utilize a
narrow wavelength region which is minimally
obstructed by plasma emission. Axial emission
measurements previously performed on the same
arcjet have revealed that continuum
(bremsstrahlung) and hydrogen emission dominate
most of the visible spectrum, with the exception
being at long wavelengths. This observation is
shown in Figure 3, where the axial emission along
the arcjet centerline has been simulated. The solid
curve is the spectral intensity resulting from
thermal graybody emission of the cathode,
assuming a cathode temperature of 4000 K and
emissivity of 0.4. The other curves are the results
of simulating the continuum and atomic hydrogen
plasma emission. The simulation consists of an
integration of the one-dimensional radiative
transfer equation along the arcjet centerline, using
the cathode graybody emission as the initial
condition. Plasma properties along the arcjet
centerline were taken from the arcjet code of Butler
et al., [14] or calculated using a non-equilibrium
collisional-radiative model. This simulation is
described in detail in Ref. [9]. It is evident from
Figure 3 that in the spectral region beyond the H-
alpha line, the continuum emission is a small
fraction of the cathode thermal emission. For this
reason, two wavelengths were chosen in this region
to examine the thermal emission from the
electrodes, namely at 700 nm and 810 nm. Although
longer wavelengths may further reduce the
continuum emission, these were not selected due to
loss of sensitivity of the CCD camera. Finally,
thermal emission from the anode surface, which is
at a much lower temperature than the on-axis
cathode, is also expected to be unobstructed by
plasma radiation. Far off-axis continuum
radiation from the plasma will be negligible due to
a drop in electron number density by several orders
of magnitude.

The cathode images were obtained during arc
operation by acquiring the continuous radiation
emitted from the high temperature cathode tip.
From these images, the cathode radial
temperature distribution and the cathode spot size

could be measured. The cathode temperature was
calculated from comparison of the cathode tip
local radiation, again for various arcjet operation
levels, with calibrated data obtained from a
tungsten arc lamp. Given the temperature
distribution, other properties can be determined
such as the current density distribution along the
cathode, the cathode spot size, and electric field in
front of the cathode.

As stated above, the temperatures were
obtained from calibration of a graybody source at
known temperature. The CCD signal was converted
to graybody intensity (W/m3Sr) using the
calibration. This graybody intensity was then
converted to a blackbody intensity using an
emissivity of 0.4. The temperature was then
calculated from the blackbody intensity using the
equation which relates these two values, the
Plank distribution.

2
I, (A, T) = 2hc,

hc 2
2’ °__ 1
{51

Il,b (%, T) = black body intensity (W/mSSr)

h=plank constant
A=wavelength (m)

¢ = speed of light

Due to the lack of information on tungsten
emissivity at temperatures higher that 2600 K, a
constant of 0.4 was used. This assumption will
introduce slight errors in the temperature
calculation. If accurate emissivity data where
available it would be possible to iterate on the
temperature to get more precise values.

Figure 4 illustrates a typical temperature
profile obtained from an image of the cathode at a
specific power of 101.2 MJ/kg (9.76 Amps, 146.2
Volts, 14.106 mg/s Hp flow). The profile is a cross-
section through the center of the nozzle. The
centerline (r=0.0) is a local center, determined by
choosing the location of the peak temperature, and
does not necessarily correspond to the exact
geometric center of the cathode tip. This choice of
r=0.0 is the method used for all figures. The errors
in temperature have been calculated to be
approximately + 80 K near the cathode (from
centerline out to a radius of about 0.3 mm) and + 200
Kin the anode regions (beyond radius of 0.3 mm).

Figure 5 shows the calculation of current
density for the temperature profile shown in Figure
4. Two current densities are shown in this figure,




the current density for a purely thermionic
emitting cathode and the current density for a
field-enhanced thermionically emitting cathode.
Previous researchers, [15] have suggested that the
cathodes in these types of devices emit electrons
based on the principle of field-enhanced
thermionic emission, where the electric field at
the cathode surface acts to reduce the potential
barrier at the surface. Field-enhanced thermionic
emission is governed by the equation [16,17]:

eE )Vz

4me,

—e
Ji = AT, exp| — -
th c P kTC q)w (

A = constant = 1.202x10° Am K™
¢, =work function = 4.5 V (pure tungsten)

E= electric field

Purely thermionic emission is governed by the same
equation where E=0. The work function assumed for
pure tungsten [18] was based on previous
experiments which showed that the thorium in
the cathode migrates out of the cathode tip and
after short operation times the cathode tip is left
with virtually no thorium [15]. This cathode had
been run extensively, therefore, it was expected
that the cathode tip was pure tungsten.

Based on the temperature distributions it is
possible to calculate the current density at each
radial location where there is a temperature
value. The integral of current density times the
differential area gives the total enclosed current.
The electric field is then changed through
iteration until the total enclosed current matches
the measured current of the arcjet.

Figure 6 contains a summary of the data
obtained from the set of cathode images. The peak
temperatures range from 4000-4200 K. As stated
above, the measurement error on these
temperatures is + 80K. These values are above the
melting point of tungsten which could be due to the
fact that the cathode tip is expected to be molten
and the molten pool could be at a superheated
temperature. The electric fields calculated are on
the order of 3.0x108 V /m. The error on these values
was calculated to be + 1.0x108V/m. These electric
fields are on the same order of magnitude as values
previously reported, [10,15,19]. These fields can be
shown to be order-of-magnitude-correct by looking
at what cathode fall voltage arises with these
field magnitudes. As an example, for the data
presented in Figure 5, the electron number density
in front of the cathode is expected to be

approximately 4.0x1023 m=3 [9]. If a plasma
temperature of 10,000 K is assumed, the debye

length is approximately 1.0 pm. Assuming the
plasma sheath thickness in front-of the cathode is
on the order of the debye length, the cathode fall
voltage would be on the order of 4 Volts. This
agrees well with what is expected for high
pressure discharges [20].

It should be noted that these field magnitudes
should be considered as upper limits to what might
actually exist. Fields in excess of 107 V/m start to
distort the potential barrier at the electrode to the
extent that electron tunneling through the barrier
becomes significant [21].  This tunneling
phenomenon, commonly referred to as field
emission, becomes important when the thickness of
the barrier approaches the wavelength of the free
electrons in the tungsten electrode. In essence, the
mechanism for current transfer from cathodes in
these arcjets may be more complicated then
previously thought [15,19].

The cathode spot diameters were inferred
from the current density profiles. The radial
distance at which the current density dropped to
less than one percent of the centerline value was
used as the cutoff for the spot diameter, or the
diameter of the arc attachment at the cathode tip.
These values have an accuracy of approximately +
100 pm.

The second set of data is presented in Figures 7
and 8. The temperature profile reflects a set of
images centered around viewing the cathode and
then the anode with sequential images at the same
arcjet operating condition. The data images are
then converted to intensities and then temperatures
in the same manner as presented earlier in this
paper for the first set of experiments. Figure 7
illustrates the calculated temperature profile
across the entire electrode region for arcjet
operation at 100.2 MJ/kg (9.92 Amps, 153.0 Volts,
15.15 mg/s Hy flow). The position of the anode
throat is tagged in the figure to help illustrate
how the temperature distributions relate to the
geometry of the nozzle. The peak temperature is
3760 K which is about 200 degrees less than the
previous data showed. It is suspected that this
difference, along with the apparent increased
width of the throat region, is caused by differences
in the electrode geometries between the two sets of
data. This newer data was taken after the arcjet
had been run for a considerable amount of time since
the first set of data. The nozzle throat did not
appear to be circular any more. Disassembly of the
arcjet, which had not been done by the time this
paper was written, is required to determine this.

Figure 8 is a close-up view of the anode region
of Figure 7. The edges of the nozzle inner diameter




(ID) and outer diameter (OD) are tagged to help
show the location of the temperatures at the
nozzle features. It can be seen that the anode
temperature ranges from 1300-1400 K at the outer
edges, to 2000 K near the nozzle throat. These
values are probable upper limits to the
temperature distribution since reflections to/from
the interior surface of the nozzle are not taken into
account in the calculation of relative intensity at a
given radial location. Presently, a radiation
reflectance model incorporating view factors is
being formulated which will allow for this
correction. This correction requires knowledge of
the angular and temperature dependence of the
spectral emissivity.

The anode temperature is slowly increasing in
the outer regions of the nozzle as it is followed
towards the throat. Closer to the throat, there is a
rapid increase in temperature as the profile
narrows and eventually becomes the cathode
temperature profile. However, the radius at
which the temperature starts to rapidly increase is
larger than the throat radius. This may
correspond to the anode arc attachment position. In
Figure 8, this radius is approximately 0.3175 mm,
which corresponds to an axial location of 3.918 mm
downstream of the throat (1/3 of the distance from
the throat to the nozzle exit).

Images were also obtained for the same
hydrogen flowrate and currents of 8 Amps and 6
Amps. For these arcjet operation levels the
temperature profiles have the same shape but
show an overall decrease in anode temperatures.

Conclusions

A method was presented which allows for
non-intrusive temperature measurement of the
entire electrode region of an arcjet thruster during
operation. This method provides accurate wide-
scale temperature measurement over a range of
approximately 1000-4000 K

From the temperature profiles, other
properties can be inferred such as electric field in
front of the cathode, cathode arc-attachment spot
size, and anode-attachment position. It was found
that field-enhanced thermionic emission at the
cathode tip is necessary to obtain the operating
currents for these types of devices. The electric
fields in front of the cathode calculated from these
experiments range from 3-4 x 108 V/m. These
electric fields should be considered as upper limits
due to the fact that at these high field
magnitudes, field emission may be the mechanism
for electron emission from the cathode surface. The

cathode peak temperatures ranged from 4000-4200
K which would suggest a superheated molten
cathode tip. The cathode arc-attachment spot size
was on the order of 600 pm in diameter. Typical
anode temperatures for these types of devices
operating in the 100 MJ/kg specific power range are
approximately 1300 K near the nozzle exit and
increase to 2000 K near the nozzle throat.
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P/mdot Cutoff Filter Potential Current Therm. Current Electric Field Spot Diameter Peak Temperature

(M]/kg) (nm) (Volts) (Amps) (Amps) (V/m) (um) (X)
101.2 810 146.20 9.760 1.093 3.64E+08 510 4090
101.2 810 146.30 9.760 1.029 3.79E+08 570 4054
102.6 810 145.90 9.920 1.286 3.21E+08 540 4167
102.9 700 146.15 9.935 1232 3.33E+08 570 4092
102.9 700 146.15 9.928 1.143 3.55E+08 540 4097
106.7 810 151.00 9.970 1.262 3.24E+08 600 4064
1155 810 146.30 9.960 1.434 2.90E+08 600 4146
117.4 700 140.80 9.925 1244 326E+08 600 4095
118.1 810 141.60 9.926 1274 324E+08 570 4154
119.5 700 143.15 9.935 1237 3.21E+08 630 4032
130.3 810 136.95 9.910 0.964 3.98E+08 600 4061
131.0 700 137.50 9.920 1.442 2.76E+08 660 4052

Avg=580

* Used 4.5V for work function of tungsten

Figure 6. Summary of data obtained from first set of experiments, targeting cathode region.




Temperature (K)

3500 —] l
] I
3000 — l
N ,’ llq—Edge of Throat
2500 — [
. L
2000 — :
] \
1500 —

LI} LIL L LILIL LILIL LI LIRS LIR B BLBLIR LILIL
| ! | 1 I I I |

-8 -6 -4 -2 0 2
radial distance (mm)

Figure 7. Temperature Jarofile for en/ﬁre electrode
at 100.2 MJ /kg

region. Arcjet operate

4

6

Temperature (K)

2000 l
:
1900 ~4 [
1800 = lﬁ
1700 —
1600 — Edge of Nozzle ID
1500 —
1400 =
Edge of Nozzle OD
lllllllllll'lllllllllllllllllllllll
8 -6 -4 2 0 2 4 6
radial distance (mm)
Figure 8. Anode region of temperature profile
shown in Figure 7.




AlAA-95-1960

High Spectral Resolution Emission Study Of A
Low Power Hydrogen Arcjet Plume

P. V. Storm and M. A. Cappelli

High Temperature Gasdynamics Laboratory
Department of Mechanical Engineering
Stanford University

Stanford, California

26th AIAA Plasmadynamics and Lasers
- Conference
June 19-22, 1995 / San Diego, CA

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
370 L’Enfant Promenade, S.W., Washington, D.C. 20024




AIAA-95-1960

HIGH SPECTRAL RESOLUTION EMISSION STUDY
OF A LOW POWER HYDROGEN ARCJET PLUME

P. Victor Storm* and Mark A. Cappellif

High Temperature Gasdynamics Laboratory
Department of Mechanical Engineering
Stanford University
Stanford, California, USA

Abstract

An experimental investigation of the plasma plume of a 1 kW class radiatively-cooled hydrogen arcjet thruster is
presented. The line-of-sight emission of the Balmer alpha line is measured at several radial positions using a
high resolution monochromator and photon counting detection. The line-of-sight spectra are deconvolved
radially into Voigt profiles, from which radial distributions of translational temperature and electron number
density are determined. Absolute intensity calibration is also performed providing radial distributions of atomic
hydrogen n=3 excited state number density. Electron temperature profiles are calculated using a non-
equilibrium collisional-radiative model. The hydrogen translation temperature displays good agreement with
previous measurements.  The electron number density profiles are consistent with Langmuir probe
measurements made downstream of the exit plane. The results of the model indicate that the plasma at the
nozzle exit plane is strongly recombining.

I. Introduction Spatially resolved techniques, such as laser-induced
fluorescence,™® electron beam fluorescence’ and
Raman spe:ctroscopy,8 have been demonstrated very
useful for measuring local plasma temperature,
density and velocity. However, these techniques have
the drawback that they are not simple to perform due
to a number of possible reasons: low signal levels,
poor signal-to-noise ratios, saturation effects, etc. On
the other hand, line-of-sight optical techniques, such
as absorption and emission, are considerably simpler
to perform and can yield a wealth of information
about the plasma properties. Absorption
measurements performed to date in the plume of an
arcjet include VUV absorption on atomic hydrogen
and XUV absorption on NH; and H, for determining
ground state number densities.”'®  Several plume
emission studies have been undertaken on a number of
different propeliants for the measurement of
temperature, velocity and electron number density.“'“'

Measurements of plasma plume properties, such as
temperature, density and velocity of the various
species, have recently been a very useful means of
investigating arcjet performance and evaluating arcjet
models. These measurements can be broadly divided
into two categories: intrusive and non-intrusive.
Intrusive techniques, such as mass spectrometry’ and
electrostatic probe measurements,”” are relatively
easy to perform and interpret, but have the obvious
disadvantage that the detecting device may alter the
plume characteristics and therefore the properties of
the plume being measured. To avoid this apparent '
problem, non-intrusive techniques tend to be optical
in nature: emission, absorption, fluorescence, Raman
scattering, etc. In the strictest sense only radiative
emission is truly non-intrusive; however, these other
optical techniques are generally considered non-
intrusive since their effect on the plasma is to locally
redistribute the populations of atomic or molecular Line-of-sight optical techniques- offer the
states, while having a negligible effect on the species  advantage of simplicity to perform but the
overall density, momentum and kinetic enmergy.  disadvantage that the data must be deconvolved to
produce true radial profiles. In previous optical
* Research Assistant, Student Member AIAA studies of the arcjet plume the spectral data taken at
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profiles. Although this analysis technique produces
reasonably accurate results, except near the centerline
where the inversion operation suffers a singularity, in
the strictest sense it is not applicable to the arcjet
plume due to the radial velocity component. This
radial velocity produces Doppler shifts on the order of
0.01 nm at visible wavelengths. With a poor spectral
resolution, say worse than 0.01 nm, the radial Doppler
shift will not be resolvable and use of the Abel
inversion may be justified. However, at higher
spectral resolution the radial Doppler shift should be
taken into account and the Abel inversion should be
avoided to obtain the most accurate results. Failure to
take the radial Doppler shift into account may lead to
an over-estimation of the linewidths and therefore an
over-prediction of the translational temperature and/or
electron number density.

To replace the Abel inversion, a shell technique
may be used to deconvolve the line-of-sight spectra
into radial properties. This technique consists of
segmenting the plume into annular shells, one shell for
each radial position at which the emission spectrum
was taken. Plume properties are assumed to be
radially symmetric and uniform within each shell, and
the plasma is assumed to be optically thin. The
properties of each shell are found by taking into
account the contribution to the line-of-sight emission
spectra, including the radial velocity Doppler shift,
from the surrounding shells. By separating the
spectral  contribution from each shell and
deconvolving the instrument broadening, plasma
properties such as atomic translational temperature,
electron number density and atomic hydrogen excited
state number density are determined as a function of
radial position. ’

This paper describes high spectral-resolution
emission studies of a 1 kW hydrogen arcjet plume.
Emission spectra of the hydrogen Balmer alpha line
were recorded 1 mm downstream of the arcjet exit
plane at several transverse chords, using a 1 m
monochromator with an 1800 groove/mm holographic
grating. A spectral resolution of 0.006 nm was
measured with an exit slit width of 10 um. This high
resolution  enabled  very  precise lineshape
measurements, permitting the deconvolution of the
Gaussian and Lorentzian linewidths and the
subsequent determination of the atomic hydrogen
translational temperature and electron number density.
The arcjet operating conditions were chosen to
facilitate a comparison between these measurements
and previous temperature measurements in the arcjet
plume.

2

II. Experiment

The experimental setup is shown in Figure 1. The
vacuum facility consisted of a 1.09 m x 0.56 m
diameter stainless steel chamber maintained at a
background pressure of 0.3 torr by two mechanical
pumps and two 1250 CFM blowers. The arcjet was a
1 kW class radiatively-cooled laboratory type thruster
designed and built by NASA Lewis Research Center.
The tungsten nozzle consisted of a 0.64 mm diameter
constrictor and a 20 degree half-angle diverging
section to an exit plane area ratio of 225. The tip of
the 2% thoriated tungsten cathode was approximately
0.69 mm upstream of the nozzle constrictor. Details
of the vacuum facility and arcjet have been given
elsewhere.’

The collection optics consisted of four lenses and
two stops aligned normal to the arcjet axis. A 400
mm focal length (fl.) achromat lens was used to
collimate light from the arcjet plume through a 76 mm
diameter window on the side of the vacuum chamber.
The collimated beam was focused onto a 20 pum field
stop using a 100 mm f.1. achromat. With a transverse
magnification of the collection optics of 0.25, the field
stop defined the radial resolution at the arcjet exit
plane of 80 um. The image at the field stop was re-
collimated using a 280 mm f.1. plano-convex lens, and
then focused onto the entrance slit of a Jarrell-Ash 1.0
m monochromator with a 600 mm fl. achromat.
Since the distance between the vacuum chamber and
the monochromator was fixed by other constraints, the
four lens system provided focusing and alignment
flexibility. Each lens was mounted on translation
stages for precise alignment of the optical system.

The monochromator contained a 100 mm wide
holographic grating with 1800 groves/mm, providing
an ideal spectral resolution of 0.0036 nm. However,
using 10 um slits, the measured resglution was 0.006
nm. The narrow entrance slit acted as the field stop in
the horizontal direction, providing an axial resolution
at the arcjet of 19 um, neglecting diffraction effects.
With diffraction effects included the minimum axial
resolution was approximately 25 ym.

An aperture stop was placed in front of the first
collection lens to stop down the collection volume,
thereby increasing the depth of focus. The
experiments were performed with an aperture of 28
mm giving a collection f/# of 14.3 and a depth of
focus of 0.32 mm. As a result of the relatively small
aperture stop, field stop and monochromator slit
widths, the signal level was reduced to the point
where photon counting was chosen as the form of
signal detection. Detection at the exit slit was
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performed with a Hamamatsu R928 PMT at a cathode
supply voltage of 1000 V. The output was amplified
by a Hamamatsu C716-01 integral socket/preamplifier
and routed to a Stanford Research Systems SR400
photon counter, gated continuously. To eliminate
unwanted background light, an H, interference filter
with a bandpass of 10 nm was placed at the entrance
slit of the monochromator. The maximum signal at
the H, linecenter was approximately 4x10* photons
per second. Signal noise consisted primarily of PMT
dark noise, which was below 600 photons per second.

Line-of-sight emission scans of H, were
performed 1.0 mm from the nozzle exit plane at six to
twelve different chords for four different arcjet power
levels from 0.8 kW to 1.4 kW. The mass flow rate of
H; was fixed at 13.3 mgfs. Absolute intensity
calibration was performed using an 18 A tungsten
filament lamp placed at the location of the arcjet. The
temperature of the lamp was determined with a
Minolta Cyclops 152 optical pyrometer.

III. Analysis

Due to the radial velocity component, the Abel
inversion is strictly not applicable to the arcjet plume.
Instead a shell technique is used to deconvolve the
line-of-sight spectra at the various chords into radial
properties. This procedure, which can be understood
with the aid of Figure 2, consists of segmenting the
plume into annular shells, one shell for each radial
position at which the emission spectrum was taken.
All properties in the plume are assumed to be radially
symmetric and uniform within each shell, and the
plasma is assumed optically thin, which is a valid
assumption for the non-resonant H, transition. Thus
the line-of-sight emission spectrum of H, at a given
chord will be a superposition of the H, spectra from
the innermost shell at that chord and all outer-lying
shells, with the relative intensities weighted by the
optical path lengths, as determined by the radii of the
shell boundaries. The spectral lineshape from each
shell is taken to be a Voigt lineshape consisting of a
Doppler-broadened Gaussian and a Stark-broadened
Lorentzian. The spectra from the outer shells are
appropriately Doppler shifted due to the component of
the radial velocity in the direction of the emission.
The radial velocity profile is obtained from the LIF
velocity measurements of Liebeskind et al.> Thus, for
example, the line-of-sight emission spectrum from the
chord of observation shown in Figure 2 is assumed to
consist of a large central unshifted Voigt function and
four smaller Voigt functions, two shifted to shorter
wavelengths and two shifted to longer wavelengths.
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Assuming that the spectral emission lineshapes from
the two outer shells are known, then by fitting the
measured emission spectrum with the assumed
superposition of five Voigt functions, the Voigt
parameters of the inner shell can be determined. The
translational temperature and electron number density
in the inner shell is then determined from the Gaussian
and Lorentzian components of the Voigt lineshape.
Furthermore, the number density of the n=3 excited
state of atomic hydrogen can also be determined from
the total integrated line intensity. In this manner, one
first determines the properties in the outer shell and
then moves inwards, adding two Voigt functions with
each additional shell, until the properties of all shells
are determined. Since the analysis starts with a single
Voigt function fit at the outermost shell, errors will
propagate towards the inner shells. Hence it is
desirable to start with an emission spectra taken far
away from the arcjet centerline where the signal is
quite low.

Since this analysis method assumes radial
symmetry, it is important to precisely locate the origin
before applying the shell technique. This was
achieved by taking line-of-sight emission spectra on
both sides of the arcjet centerline. The integrated
intensity of each spectrum was calculated and plotted
as a function of measured position. This plot was
found to be very symmetric and the line of symmetry
was taken to be the centerline of the arcjet.

The emission spectral lineshape for each shell is
assumed to be a Voigt function, which is the
convolution of a Gaussian and Lorentzian lineshape,

dv(v)=06(v)*o.(v) (nH
where -
_ 2 (22 vV—-vg 2
¢G(v)—m(T) exp[—4ln2( AVG ] 2)
and

-1 Avy . A3)
) ZR{(v—vo)%(AvL/z)zJ

The translational temperature of the emitting species

is related to the Gaussian width by the Doppler
broadening formula

4

2

(SInZkTJ

AVG =V0 3
mc¢
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where m is the atomic mass. This equation is strictly
only applicable to a single line. The H, transition
contains fine-structure which has a significant effect
on the Doppler broadening at temperatures below
10,000 K. Figure 3 shows the relationship between
Avg and temperature for a single H, line (Eqn. 4) and
for the H, transition with the fine-structure included.
The inclusion of fine-structure is necessary to
correctly determine the temperature at the arcjet exit
plane. One drawback of this, however, is that at
temperatures below 1000 K the actual Doppler-
broadened H, lineshape is not well approximated by a
single Gaussian function and this leads to large
uncertainty in the measured translational temperature.

The electron number density is related to the
Lorentzian width by Stark broadening. The most
recent Stark broadening calculations which include
dynamic ion effects'’ have shown that that the
hydrogen Stark broadening tables of Vidal, Cooper
and Smith'® are not accurate for H, at electron number
densities below 10'7 cm™. Therefore, instead of using
the VCS tables, the electron number densities are
determined from an empirical approximation to the
recent dynamic ion Stark broadening calculations in
the range of electron number densities from 10% cm™
to 3x10"” cm?. These calculations at low electron
number density include the effects of fine structure,
and agree extremely well with measurements made by
saturation Doppler-free spectroscopy'” in the range of
n, from 5x10® cm>to 10" cm™. The approximation is
given (in SI units) by -

Ak =3.4x10731 nl 014 (5)
where AA, is the FWHM in wavelength units. This
approximation fits the dynamic ion calculations to
within 10 percent over the range of electron number
densities from 10’ cm™ to 3x10" em™. Although the
Stark lineshape of Hy is not truly Lorentzian, it is a
reasonably good approximation and introduces errors
of less than 10 percent in the electron density. This is
not the case for the other Balmer lines, however,
which is the primary reason for using Hy, in this study.

The atomic hydrogen n=3 excited state number
density is determined from the total integrated line
intensity as follows. The spectral emission coefficient
is given by

' hv
€&y =——n3 Ay ¢(v)
4

(6)
where ¢(v) is the normalized lineshape function.
Assuming the plasma to be optically thin, the total
integrated line intensity from the optical path / is

4

r=[le,(v)dv

=Y 1y gy O )
4T

hv
=—1[nq Az.
an 3132

Through the tungsten filament lamp calibration, the
photon flux to the PMT is related to the spectral
intensity, which in turn is related to n; using Eqn. 7.

A correct determination of the plasma properties
from the H, lineshape must take into account the
instrument broadening. The measured line-of-sight
emission lineshape at the j" chord can be written as

O(V)j, meas. =¢(V)insu.*kz¢(" shell k
2]

¥

where §(V)ine. is the instrument broadened lineshape.
The sum is taken over shell j and all outer shells, as
shown in Fig. 2. The instrument broadening lineshape
was measured using diffusely scattered light from a
HeNe laser, and the slit function was assumed to be
identical at the HeNe wavelength of 632.8 nm and the
H, wavelength of 656.3 nm. To simplify the
deconvolution of the instrument broadening from the
measured spectra, the slit function was fit to a Voigt
lineshape. The fit, which was surprisingly good,
produced Gaussian and Lorentzian FWHMs of 0.134
cm™ and 0.022 cm respectively. Since all lineshapes
are assumed to be Voigt functions, the total line-of-
sight emission lineshape can be written as

¢j. meas. = Pinstr. * Z¢k actual
k=j

= Z (¢instr.*¢k, actual)
k2j

= z.(q)G*qJL)instr.*(q)G*ch)k, actual
kz2j

= k§ ) (¢G.instr. * ¢G,k actual }" (¢L,instr.* ¢L,k actual )
2)

=3 (¢G,k apparent *0pL x apparent )
k2j

= kéjd?k. apparent
®

where the v-dependence has been dropped from the
lineshape functions for clarity. The slit function
clearly broadens all contributing shells in the same
manner. After the shell technique is applied to
determine the apparent Voigt function from each
shell, the effects of instrument broadening is removed
from the FWHMs using
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2 — Ay2 2
Av G,k actual = Av G,k apparent ™ Av G, instr. (10)
and
AVL k actual = AV L.k apparent ~ AVL,instr. an

which can easily be derived from the convolution of
two Gaussians and two Lorentzians, respectively.

Having obtained electron number density and n=3
excited state H-atom number density profiles, the
electron temperature profile is determined using a
non-equilibrium collisional-radiative model, applied
at each radial position. Since this model has been
described previously in great detail,”®?° only a brief
summary will be given here. The model consists of a
rate equation for each excited state of hydrogen. The
equation includes electron collisional excitation, de-
excitation and ionization processes, three-body and
radiative recombination, and spontaneous emission.
The stationary state approximation is assumed for the
excited states since the characteristic time scale for
convection is small compared to those for collisional
and radiative processes. For example, the rate
equation for the n=3 excited state can be written as

0= Ng ZHJKJ3 — N3 ZK3J
j#3 #3

2
-nen3Ks, +ngBY) +n2BY) (12)

+20;Y;3A:3 =03 Y V3;A3;
. JV35°%) ; 31473)
>3 j<3

where 7 is a radiation escape factor which can account
for radiation trapping, and quasi-neutrality, ny, = n,,
is assumed. The appropriate number of levels to be
included in the model is determined by Debye
shielding of the hydrogen atom by the free electrons;
however, as this would require typically 100 or more
levels, it was decided to limit the number of levels to
50 to improve computational speed. This restriction
has an insignificant effect on the results since the total
population of the neglected states is small compared
to the lower states. The rate equations for the excited
states are coupled to the equation of state

p=_1_[znj+nH+]kT+nekTe (13)
diss \_j

where the hydrogen dissociation fraction is given by

an +nH+
£ = — (14)
an +nH+ +nH2
j

5

The coupled equations are solved for n; (j=1..50) as a
function of radial position, given the total pressure,
dissociation fraction, electron number density,
hydrogen translational temperature and electron
temperature. As a first approximation, the exit plane
pressure is taken to be a constant 2.25 torr, which
corresponds approximately to the near-centerline exit
plane pressure of the arcjet model of Butler et al.”’
The dissociation fraction is taken to be a constant 5%,
consistent with the results of H, Raman scattering at
the nozzle exit.® The electron temperature is varied
until the collisional-radiative model predicts the
measured n=3 number density. In this manner, exit
plane electron temperature profiles are obtained.

The collisional-radiative model incorporates a
radiation escape factor, y; into each spontaneous
emission term. This factor is taken to be unity for all
non-resonance transitions since the plasma is optically
thin to this radiation. However, the ground state
population of hydrogen is typically 10* or more times
greater than the next most populated level; therefore,
the plasma is less likely to be optically thin to
resonance radiation. To determine the appropriate
escape factor for resonance transitions, the optical
thickness at line center can be estimated from the
absorption coefficient

_h

kyj(Ao) ﬁ"nB?} ofi(%o)

gi Ao A
= Bnc ™ Ay o55(h0) 16
_Bi AQ mAj

81 8nc Ml]

For example, on the 3—1 transition, Ag = 102.6 nm,
Ay = 5.6x10" s, and AAj; = 4x10° nm. With a
typical ground state density of 5x10°° m”, the mean
optical path length is 1.0 mm. This is sufficiently
small to consider the plasma optically thick to
resonance radiation. Hence, the escape factors for
resonance transitions are set to zero to account for
resonance radiation trapping.

IV. Results

Figure 4 shows the arcjet current-voltage
characteristics for the four operating conditions used
in this study. These conditions were chosen to match
exit plane LIF and Raman studies®® on the same
arcjet. A typical H, emission spectrum is shown in
Fig. 5 along with the best fit, which for this spectrum
consists of a sum of seven Voigt functions. Note that
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the radial velocities produce Doppler shifts that are
smaller than the broadening of the lines; hence, the
seven Voigt profiles are closely spaced and appear as
a single line. It would be incorrect, however, to
assume that fitting the spectrum with a single Voigt
function would produce accurate results.

Figures 6 to 8 show the radial profiles of hydrogen
translational temperature, electron number density and
hydrogen n=3 number density determined using the
shell technique and the analysis described above. To
avoid a cluttered appearance, error ‘bars have been
omitted from the temperature and electron number
density plots. The measured Voigt ‘a’ parameter is
also shown, in Fig. 9, and appears to be relatively
independent of the arcjet power but has a very
distinctive radial dependence which peaks at about 1.0
mm from the arcjet centerline. This profile reflects
the fact that the translational temperatures appear to
peak on the centerline, whereas the electron number
densities peak away from the centerline.

Atomic Hydrogen Translational Temperature

The translational temperatures shown in Fig. 6
display an approximately linearly decreasing trend
with radius as well as with arcjet power. The 1.4 kW
case is comparcd in Fig. 10 with LIF translational
temperature and Raman scattering H, rotational
temperature® measurements made on the same arcjet
at the same operating condition. While the H,
rotational temperatures are lower than the H-atom
translational temperatures due to non: equilibrium, the
LIF and emission temperatures are expected to be
identical. The discrepancy can be explained by the
fact that the LIF results assumed that Stark broadening
of the H, line was negligible at the nozzle exit. The
present emission measurements have shown that this
is not the case, as demonstrated by the Voigt ‘a’
parameter in Fig. 9. The LIF measurements were
subsequently re-analyzed taking into account Stark
broadening, and the results are shown in Fig. 11.
Having made this correction, the agreement in the
translational temperatures is very good, and the
measurements are in reasonably good agreement with
the arcjet model prediction of Butler et al.,?' shown as
the dashed line. This agreement is significant since
the translational temperature is an important indicator
of arcjet efficiency, and as such, it is often used as a
basis for evaluating arcjet models.

Electron Number Density

The measured electron number densities of Fig. 7
display an increasing trend with arcjet power, which is
not surprising since a higher degree of ionization with
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specific power is expected. With radial position, the
electron density first increases from the centerline to a
peak which depends on arcjet power, and then drops
exponentially to the edge of the plume. This
exponential drop can be understood by the near linear
decrease in temperature with radial position, resulting
in an exponential decrease in ionization fraction. The
reason for the central dip in electron number density is
not known; however we speculate that it is a result of
an increasing electron temperature and a relatively flat
electron mole fraction, or partial pressure, profile near
the centerline.

Few other measurements of electron number
density versus radial position have been performed in
a hydrogen arcjet plume. Hoskins et al. determined
electron number density in the plume of a 10 kW
hydrogen arcjet using a collisional-radiative model
and measured line intensities of the first nine Balmer
series lines.”> More recently, Gallimore et al. used a
Langmuir probe to measure electron density 20 mm
downstream of the nozzle exit plane of the identical
arcjet used in this study.® The results of these two
studies are compared to the present results in Fig. 12.
Electron number densities in the plume of the 10 kW
arcjet are higher than the 1 kW arcjet due to the
higher exit plane pressure and degree of ionization
with arcjet power. The results of Gallimore et al. are
lower than the present measurements by an order of
magnitude due to the measurements being taken 20
mm downstream of the nozzle exit. The axial drop in
density is in agreement with centerline electron
number density measurements made by Zube and
Messerschmid at 1.6 kW with simulated hydrazine
and at 750 W with ammonia propellant.'

Hydrogen Excited State Number Density

The atomic hydrogen n=3 excited state number
density profiles, shown in Fig. 8, display the same
trends as the electron number densities in Fig. 7. For
all but the lowest power level, the densities dip at the
arcjet centerline and drop off exponentially away from
the centerline. Furthermore, at a given radial position
the densities drop approximately exponentially with
arcjet power. The similarity between the n=3 excited
state hydrogen number density and the electron
number density is not surprising since in the
recombining plasma there is a strong coupling
between the hydrogen ions and excited state atoms.
The n=3 density is primarily a result of atoms
cascading down from the higher lying excited states
and the continuum ions.




Electron Temperature

The electron temperatures at the arcjet exit plane
were calculated using the non-equilibrium collisional-
radiative model described above. The results, shown
in Fig. 13, indicate that the electron temperature is
approximately linearly dependent on arcjet power and
radial position, in a manner similar to the hydrogen
translational temperature.  The former trend is
consistent with the increased joule heating with arcjet
specific power. The latter observation indicates that
the characteristic time for electron energy transport by
conduction and ambipolar diffusion is larger than the
residence time of the electrons in the arcjet nozzle.

A comparison of the electron temperature between
the present work and the Langmuir probe
measurements 20 mm downstream of the nozzle exit
by Gallimore et al.* is given in Fig. 14. While the
electron temperatures at the exit plane are peaked at
the arcjet centerline, the profiles downstream are flat
and lower by nearly a factor of two. The flattening of
the temperature profile is largely due to thermal
conduction of the electron translational energy. The
lower temperature of the downstream profile can be
accounted for by gasdynamic expansion, radiative
energy losses (bremsstrahlung radiation), and
collisional energy transfer to the heavy species.

Two significant notes should be made at this point
concerning the assumptions of non-equilibrium and
optically thick resonance radiation.  The non-
equilibrium assumption was tested by performing an
equilibrium calculation at the exit plane. Using the
measured values of n; and n, and assuming
thermodynamic equilibrium, the required H-atom
pressure at the nozzle exit is greater than 10'°
atmospheres. This unphysical result indicates that the
n=3 excited state is over-populated in comparison to
thermodynamic equilibrium. Hence the plasma at the
nozzle exit is clearly in a state of recombination.

Finally, to test the effect of the resonance radiation
trapping, the electron temperatures were also
calculated using the collisional-radiative model with
optically thin resonance radiation. The resulting
temperatures show the same power and radial
dependence, but are typically twice the magnitude of
those shown in Fig. 13. These results could be used
as an upper limit on the electron temperature;
however, Hoskins et al. have shown that model
calculations assuming optically thick Lyman radiation
match very well to measured populations for the lower
excited states.'> The correct electron temperatures are
therefore more likely to be near those presented in
Fig. 13.
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V. Summary and Conclusions

Emission spectra of the Balmer alpha transition of
atomic hydrogen were recorded 1.0 mm downstream
of the exit plane of a 1 kW hydrogen arcjet
perpendicular to the arcjet axis. A spectral resolution
of 0.006 nm was obtained using a 1.0 m
monochromator with an 1800 groove/mm holographic
grating and 10 pm slits. The spectra, taken at several
different chords, were deconvolved using a shell
technique. By avoiding the Abel inversion, the
Doppler shift due to the radial velocities could be
accounted for in the analysis. Assuming an optically
thin plasma, an apparent Voigt lineshape function was
found for the H, emission from each shell. The
instrument broadening was deconvolved from these
apparent lineshapes to produce actual lineshapes
which were characteristic of the plasma properties at
the radii of the shells. Radial profiles of atomic
hydrogen translational temperature and electron
number density were determined from the Gaussian
and Lorentzian component widths of the Voigt
lineshapes. Furthermore, using a tungsten filament
lamp absolute intensity calibration, the integrated line
intensities were related to the n=3 excited state
number density of atomic hydrogen.

Radial profiles of translational temperature,
electron number density and n=3 excited state
hydrogen number density were obtained at four arcjet
power levels and compared to previously obtained
measurements and modeling results. The translational
temperatures display a roughly linear decrease with
radial position and arcjet power. The temperature
profile at 1.4 kW is in excellent agreement with the
temperature obtained by LIF on the same arcjet after a
Stark broadening correction is taken into account.

The electron and hydrogen excited state number
density profiles display a central dip and exponential
decrease with both radial position and arcjet power.
There have been few direct measurements of electron
number density in the near plume of a hydrogen
arcjet. However, the measured densities are
approximately an order of magnitude greater than
those 20 mm downstream of the nozzle exit as
measured using a Langmuir probe, and this axial
dependence is in agreement with emission
measurements performed on ammonia and simulated
hydrazine arcjets.

Electron temperature profiles were determined
from the measured plasma properties using a 50-level
non-equilibrium collisional-radiative model, coupled
to the equation of state. The resulting temperatures
are linearly dependent on both radial position and
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arcjet power, consistent with the measured hydrogen
translational temperature at the arcjet exit plane.
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Figure 1. Schematic diagram of the radial emission experimental setup.
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Figure 2. Schematic cross-section of plasma plume showing application of shell method
for analysis of line-of-sight emission.
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plane hydrogen translational temperatures at a power
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Ref. 5 have been corrected to take into account Stark
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Figure 13. Electron temperature at arcjet exit plane
calculated using a non-equilibrium collisional-radiative
model.
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Figure 14. A comparison of electron temperatures in the
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LIF LINESHAPE ANALYSIS OF THE XENON

6s[3/2]; —6p[3/2], AND 6s[3/ 217 —6p[1/2],
TRANSITIONS IN A GLOW DISCHARGE
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High Temperature Gasdynamics Laboratory
Department of Mechanical Engineering
Stanford University
Stanford, CA 94305-3032

Abstract

Laser induced fluorescence lineshape measurements of excited state neutral xenon have been used as diagnostic tools
in a DC discharge. Using tunable semiconductor diode lasers, the spectral broadening of the 6s[3/2]} —6p[1/2],
(828.0 nm) transition by the resonant interaction of its lower level with ground state xenon was investigated to compare
to low pressure resonance broadening theory. Kinetic temperatures of xenon in the discharge were derived from the
Doppler broadening of the same transition as well as from that of the 6s[3/2]3 —6p[3/2], transition at 823.2 nm.
The resonance broadening was found to be in near agreement with the theory at number densities below 5x1 0%2m-3 but
appears to depart from the theory for higher number densities. This study is part of a program to develop laser-based
diagnostic techniques for xenon plasmas appropriate for the application to thrusters which use xenon as a propellant.
These electric propulsion thrusters are planned for use in satellite station-keeping and orbit transfer.

Introduction

We present an investigation into the resonance
broadening of xenon using analyses of the spectral
lineshapes of two excited state electronic transitions.
Xenon's 6s[3/2]7 level is resonantly coupled to the
ground state causing resonance broadening to be an
important broadening mechanism for the
6s[3/217 —6p[1/2], transition. The nearby 6s{3/2]3
level is metastable, so transitions from it, including
6s[3/2]5 —6p[3/2],, are broadened mainly by the
Doppler effect. A tunable AlGaAs semiconductor diode
laser is used as the spectroscopic tool to probe a xenon
plasma produced by a weak discharge. Transitions from
the ground state of xenon, as in all inert gases, are
inconvenient to probe as they are deep in the ultraviolet.
Transitions from the lower lying excited levels, however,
are accessible with diode lasers. Diode lasers are compact,
inexpensive sources capable of providing narrow lasing
linewidths (~10MHz!) which facilitates the resolution of
the hyperfine-split lineshapes encountered in these xenon
plasmas.

As a rare gas with low ionization potential and high
molecular weight, xenon is the logical propellant in both
Kaufmann-type ion thrusters2 as well as for use in Hall
accelerators such as the stationary plasma thruster3 and
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the anode layer thruster. Nonintrusive measurements of
parameters in the exhausts of these satellite thrusters are
needed to lend insight into the physical processes
controlling their operation. Optical diagnostic techniques
have been successfully developed and applied in the past
to study various plasma properties in electric propulsion
devices. LIF of singly ionized xenon in the plume of a
stationary plasma thruster has been used to obtain ion
velocities from the Doppler lineshift.# However, to
determine further plasma parameters from lineshape
analyses of xenon transitions, a thorough understanding
of the underlying hyperfine splitting and of the dominant
broadening mechanisms is required.’

The spectral lineshape of a transition between a
species’ energy levels is determined by the environment.
Several different factors can affect this lineshape and give
rise to a broadening and/or shift of the spectral line. If a
broadening mechanism is well understood, accurate
lineshape measurements can be used for quantitative
determination of the environmental parameter responsible
for the broadening. This is the case for Doppler
broadening which can be used as a measure of the kinetic
temperature. In general, spectral broadening caused by
collisional interactions is less well understood.

Resonance broadening, where the species probed can
efficiently exchange energy with interacting species, is a
type of pressure broadening. Theoretical treatments of low
pressure resonance broadening produce a fairly
uncomplicated result. The linewidth is shown to be




independent of temperature and linearly dependent on the
species number density and the oscillator strength of the
resonant transition.® The strong resonant transitions of
the noble gases allow for the study of pure resonance
broadening, uncomplicated by non-resonant collisional
interactions. Emission studies of resonance broadening
have been complicated by non-Gaussian velocity
distributions of highly excited states in the direct-current
(DC) discharge plasmas investigated.”-8 The resonance
state is lower lying than the states essentially studied by
emission, though. Atoms in the resonance level of Ne
have been shown to have a velocity distribution very
close to that of the ground level? meaning absorption
lineshapes derived from probing the resonance level are
not distorted by these discharge effects. Using helium!0
and neon, 1! absorption experiments in a weak discharge
have been used to verify the resonance broadening theory.
But, little work has been done with the heavier inert
gases.

Laser induced fluorescence (LIF) effectively
measures the absorption lineshape by monitoring the
fluorescence from a small region following absorption of
a probe laser beam. The spectrally narrow laser is tuned
across the absorption feature to allow for an accurate
reconstruction of a spectral lineshape representative of the
plasma conditions. The high spatial resolution of single-
point laser induced fluorescence is essential in probing
nonuniform plasma environments such as those
encountered in electric propulsion devices.

Theory

As a relatively heavy element, xenon's atomic
spectrum is fairly complex. A partial energy level
diagram for neutral xenon is shown in Figure 1.12 The
conventional Racah notation for the inert gases is used to
denote the levels investigated. The two transitions probed
in this work, the 6s[3/2]3~6p[3/2], 3P,-1D>)
transition at 823.2 nm, and the 6s[3/2) - 6p[1/2],
(3P1-3P0) transition at 828.0 nm, are indicated. These
transitions arise from the first two excited states of
xenon. The lowest excited state, 6s[3/2]9, is metastable;
transitions to ground are optically forbidden by quantum
mechanical selection rules. The neighboring 6s[3/2])}
level, however, is coupled to the ground state by the
resonant 147 nm transition. This is a configuration
common to all inert gases.

This study into the resonance broadening of the Xe
6s(3/2]7 —6p[1/2], transition is complicated by the
larger number of hyperfine-split lines than present in the
lighter inert gases. The levels shown on the energy level
diagram in Figure 1 are the fine structure components due
to electron spin-orbit interactions. Transitions between

these displayed energy levels are hyperfine-split into
several components. The isotopic and nuclear spin effects
contributing to this hyperfine splitting were described in a
previous paper.® This splitting decomposes the
6s(3/2]3 —6p[3/2], transition into twenty-one lines. A
sample LIF trace of this transition is shown in Figure 2.
The positions and relative intensities of the twenty-one
hyperfine-split lines contributing to the six distinct LIF
peaks are shown within the scan. The structure of the
6s[3/2]} —6p[1/2], transition is less complicated being
comprised of only twelve lines. The positions and relative
intensities of these twelve hyperfine-split lines are shown
within a sample LIF lineshape in Figure 3. The
separation of the hyperfine components for this transition
is also much smaller.

The sample LIF traces are measures of the
fluorescence excitation lineshape. The interaction of a
laser beam with a plasma may involve the excitation of
some atoms to a higher quantum state. Excitation is more
likely to occur if the laser is tuned to the energy
difference, hv}y, between this upper state and the original
lower state. This interaction can be investigated by either
monitoring the resulting reduction in laser power
following propagation through the plasma (absorption
process), or by monitoring the subsequent spontaneous
emission of line radiation as the resulting excited state
relaxes to a lower state (laser induced fluorescence
process). Monitoring the fluorescence as the laser is tuned
over the transition measures the fluorescence excitation
lineshape and is favored for the higher spatial resolution
that it affords in plasma parameter determination. The
spatial resolution for LIF is determined by the
intersection of the laser beam with the optical collection
volume. Absorption offers only the measurement of
properties that are averaged over the entire beam path
through the plasma.

The measured fluorescence signal is given by:! 3
Sf =T]d(1chCV|2AN2 (1

where 14 is the efficiency of the detection system, o
takes into account factors involving the collection
system, and A is the Einstein coefficient for spontaneous
emission of the detected radiation. For low laser
intensities, a rate equation analysis shows that the upper
level population N3 and thus the fluorescence signal is
linear with Iy at steady state:

Nz oc IVB12¢V' (2)

Here 1y is the spectral irradiance (intensity) at frequency v
and By is the Einstein stimulated absorption coefficient.
¢y is the transition's spectral lineshape which accounts
for the variation of the absorption or laser excitation with
frequency. The spectral lineshape is determined by the
plasma environment of the absorbing atoms. so an




accurate measurement of the lineshape function can lead
to the determination of plasma parameters.

The measured fluorescence excitation lineshape is
not necessarily equivalent to the spectral lineshape. The
spectral lineshape is an intrinsic property of the absorbers
whereas the fluorescence excitation lineshape is the
variation in the detected fluorescence signal with
frequency as the laser is tuned across the absorption line
feature. If the laser excitation significantly perturbs the
populations in the coupled levels, it is said to be
saturating the transition and the fluorescence signal will
be a nonlinear function of laser intensity. In cases where
the laser intensity is much below the saturation level, and
the laser linewidth is small compared to the measured
linewidth, the fluorescence excitation lineshape will
reflect the spectral absorption lineshape as given by
equations 1 and 2.

Mechanisms that broaden the spectral lineshape can
be classified as either homogeneous or inhomogeneous.
Homogeneous mechanisms affect each atom equally. For
a single transition, the atoms all have the same transition
frequency v,, and are thus indistinguishable.
Inhomogeneous broadening, conversely, arises from a
spread in v, the individual transition frequencies, about
the linecenter frequency Vv,o. Similar atoms are
distinguished by these slightly different v4's. The overall
response of an inhomogeneously broadened lineshape can
be understood as the sum of the individual responses of a
number of spectral packets.14 A spectral packet is a
group of atoms with a certain transition frequency v,
The most common example of inhomogeneous
broadening, and one pertinent to plasma studies, is
Doppler broadening. Doppler broadening reflects the fact
that the absorbing species is distributed in velocity
according to the kinetic temperature, Tkin. The velocity
distribution determines the spread of vq about v,
through the Doppler effect. When the absorbing species is
characterized by a Maxwellian velocity distribution,
Doppler broadening results in a Gaussian distribution of
the vo and hence a Gaussian spectral lineshape with
Doppler halfwidth (FWHM):15

{8kT in In2
AVy = Vyo —N—‘;'?-— 3)

Homogeneous broadening mechanisms do not
distinguish between different atoms but broaden the
response from all atoms equivalently. Collisional
interactions between the absorbers and other particles in
the plasma homogeneously broaden the spectral
lineshape. These include interactions with charged
particles (Stark broadening) and uncharged particles (van
der Waals broadening) and result in a Lorentzian profile
with halfwidth Av, within the framework of the Lorentz
theory.!6 Natural or lifetime broadening also contributes

to Av,;. Natural broadening is a consequence of
Heisenberg's uncertainty principle.17 The finite lifetimes
of quantum states imply uncertainties in their energies.
These uncertainties result in a homogeneous lineshape
broadening for transitions between states.

Collisional or pressure broadening arises from the
perturbation of the energy levels involved in the spectral
transition by an interaction with a nearby particle. The
broadening depends on the density of the perturbing
species. When an excited atom can undergo a resonant
energy exchange with a perturber, it is subject to
resonance broadening. The resonant energy exchange can
be understood, in connection with natural broadening, as
causing a reduction in the lifetime of the excited state.
Strong interactions with ground state atoms of the same
kind can make this phenomenon significant. This is the
case for the xenon 6s[3/2]; —6p[1/2], transition and
corresponding transitions in all noble gases. Resonance
broadening depends also on the efficiency or strength of
the energy exchange through the oscillator strength f.

From statistical considerations, long range
interactions dominate the broadening of spectral lines.
The long-range interactions are described by an expansion
of the potential V in negative powers of r, C,r™", with r
the distance between the radiating atom and the
perturbar.18 The important terms include the familiar r2
linear Stark effect, the quadratic Stark effect with n=4, and
the dipole-dipole n=6 term for the van der Waals or
dispersion forces between any two particles.

The resonance interaction (n=3) is a dipole-dipole
interaction of a longer range than the van der Waals
interaction. The impact theory of line broadening
produces a simple expression for the resonance halfwidth

(FWHM):6

n 2
A . € fres N (4)

AV, =k -
i v (27“:)2 €oMe Vieg

predicting a linear dependence on number density. Here,
Vees is the wavenumber of the resonant transition and fres
its absorption oscillator strength. kjj' is a constant
determined by the quantum numbers j and j' of the ground
and resonance level. For all noble gases, j=0 and j'=1. The
accepted theoretical value is koi=1.53.7

The oscillator strength for the resonant 147 nm
5p®('S, )~ 65[3/ 2]} transition is fres=0.260.!9 Equation 4
gives a resonance width of 6.17x10-21 MHz-m3-atom"!
or 198 MHz-torr'! at 300 K. The total Lorentzian
halfwidth for the 6s[3/2]] —6p[1/2], transition, Avy,
should then be composed of this resonance broadening
plus the natural broadening contribution. The Lorentzian
halfwidth should approach the natural linewidth at zero
density. The natural linewidth for the




6s[3/2]} —6p[1/2], transition including the upper level
contribution20 as well as that from the resonance leve] is
49 MHz.

The dispersion contribution (n=6) to the Lorentzian
broadening is neglected. The van der Waals broadening is
of the same order across transitions between the same
manifolds of fine structure levels.2! The measured
value22 of 24 MHz-torr"! for the 6s[3/213 -6p[3/2],
transition then gives an idea of the relative importance of
the van der Waals broadening as compared to the n=3
resonance component of 198 MHz-torr"! for the
6s[3/2]7 —6p[1/2], transition. Furthermore, it has
been shown with impact theory that the dispersion
contribution does not simply add to the resonance
broadening.23 For a resonant component more than twice
as great as the dispersion contribution, the dispersion
contribution can be neglected.

Local electric and magnetic fields can also
homogeneously broaden and shift spectral lines through a
further Stark and Zeeman splitting of the fine and
hyperfine structure. In the results reported here, we do not
include the effects of an applied electric field since the
Stark splitting of the transitions studied is small in
comparison to the broadening encountered. In the
discharge studied, there are no applied magnetic fields.

If both Doppler broadening and homogeneous
mechanisms are significant, each spectral packet is then
taken as a group of atoms with a certain transition
frequency within one homogeneous linewidth Avp of a
specified v.24 All atoms within a spectral packet will
have the same homogeneous response. The resulting
lineshape is a convolution of the Gaussian and Lorentzian
lineshapes. This convolution can be expressed in terms of
the Voigt function V(a,x) with the lineshape given by:25

}4ln2
o(v)=+—2LE v(a x). (5)

Av

D

Here x is a normalized frequency (i.e. x=0 at linecenter),
and the Voigt 'a’ parameter gives the relative importance
of homogeneous versus inhomogeneous broadening:

a=+In2

Av,
v

Av, (6)

For the two xenon transitions studied, each hyperfine-
split line contributing to the lineshape has its own Voigt
profile and the entire lineshape is composed of the sum of
these twenty-one or twelve separate Voigt profiles.

Experiment

The plasma source for this study is a simple hollow
electrode DC discharge. It is a version of a commercially
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available gas spectrum tube (Central Scientific Company)
modified to have a 1 cm square cross-section and gas flow
capability. The current is varied between 0.75 and
2.0 mA to provide adequate signal at higher pressures
while avoiding electrode sputtering at lower pressures.
Xenon is metered through the discharge at 0.5 to 1 sccm.
A 590 kQ ballast resistance is used. The pressure is
measured just downstream of the discharge by a
capacitance manometer baratron absolute pressure
transducer (MKS Instruments) of 0.5% accuracy. During
each scan the pressure is recorded and verified to be within
20.5% of the set pressure. A thermocouple bead of
0.6 mm diameter is positioned against the glass to
monitor the temperature on the outer wall of the
discharge.

The tunable light sources used are AlGaAs
semiconductor diode lasers (Mitsubishi 5415N-01 for
823.2 nm 5415R-01 for 828.0 nm). The laser system
(ILX Lightwave) involves a thermoelectrically cooled
diode mount (LDM-4412), controlled by a temperature
controller (LDT-5910B), and a current source (LDX-
3620). The lasers are coarsely tuned to the transition of
interest by adjusting the temperature. To tune over the
transition with finer resolution, the injection current to
the diode is modulated externally with a function
generator. The transition is found with the help of a
wavemeter (Burleigh WA-10) which measures the
frequency of laser light.

A schematic of the experiment is shown in
Figure 4. To prevent back reflections from affecting the
laser operation, both beams first pass through an optical
isolator. A portion of each beam is then split off to
enable the frequency to be monitored. The remainder of
the two beams are joined onto a coincident path through
the discharge. A motorized rotating polarizer is used to
keep the intensity far below the saturation intensity
appropriate to the specific transition and discharge
conditions. The saturation intensities were found to be
about 190 uW/mm?2 for 823.2nm and about
2.3 mW/mm?2 for 828.0 nm at | torr. The laser
intensity was kept at a level calculated to give only about
a 1-2% reduction in the peak absorption from saturation.

The laser output is collimated by a lens in the diode
mount into a 5x2 mm beam. The beam enters the
discharge upright near the LIF collection side to minimize
radiative trapping. A silicon photodiode monitors the
beam intensity which passes through the discharge. The
fluorescence from the beam intersecting the collection
volume is collected at right angles to the incident beam.
A half-meter monochromator (Jarrell-Ash) is used as a set
spectral filter and passes light over the entire transition
while the laser frequency is varied. The LIF is detected by
a photomultiplier tube (Hamamatsu R928) operated at




1000 V. The PMT current is converted to a voltage
across a 15 kQ load resistor. Phase-sensitive detection is
used to discriminate between the fluorescence and the
background emission. A lock-in amplifier (SRS 850) is
locked to the frequency of an optical chopper operating at
1 kHz. The low laser intensities used result in a low
signal-to-background ratio requiring the use of a long
time constant (1=0.3,3 s) and scan times from 5 to 30
minutes. The absorption signal on the photodiode detector
is also chopped so a second lock-in amplifier (SRS 530)
is needed.

The laser frequency is monitored with the use of a
fiber ring interferometer. This device is basically a four-
port directional fiber coupler with one output fed back
into an input. At resonant frequencies, the circulating
intensity destructively interferes with the entering light,
causing a minimum in the throughput.26 The fiber ring
interferometer was calibrated with a 2 GHz etalon and
found to have a free spectral range of 178.4 £.4 MHz.
The light is focused into the fiber with a laser-fiber
coupler and the fiber output is focused onto a detector
using a similar device. '

It has been found that, for short scans (seconds) the
laser tunes near linearly but for the longer LIF scans
performed here, the tuning rate becomes nonlinear. This
nonlinearity is likely caused by small temperature
fluctuations. To accurately track the frequency, a device
such as a fiber ring interferometer with a small free
spectral range is necessary.

The 823.2 nm laser is tuned first and. the resulting
LIF lineshape, the absorption -signal, and the
interferometer output are recorded. The interferometer is
then connected to the laser-fiber coupler for the second
laser, the monochromator is dialed up to'828.0 nm, and
the process is repeated for the second lineshape with the
discharge continually operating at the same conditions.
For the first two discharge conditions, 0.3 and 4.0 torr,
the beams were first coupled into a single-mode 1x2 fiber
splitter (Gould) with one portion going to the
interferometer and the other portion to the discharge. The
additional noise added by the splitter was unacceptable so
the experiment was redesigned to that shown in Figure 4.

Sample data taken with the 823.2 nm laser is
shown in Figure 5. The absorption trace is used to
calculate the intensity incident on the collection volume
to normalize the LIF data. The absorption never exceeded
5%. The interferometer data is then used to transform the
LIF data into frequency space. The twenty-one (or twelve)
theoretical lines are individually broadened and the
resulting intensities added to construct an excitation
spectrum similar to the LIF data. The data is introduced to
a xz minimization curve fitting procedure that optimizes
Tyin and the Lorentzian halfwidth Av; to most closely
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match the data. The line positions and relative intensities
are fixed, with the overall amplitide, a linear baseline,
Tyin> and Av, being the parameters to the fit. For the
828.0 nm data, the Ty;, may be fixed to the value
resulting from the 823.2 nm fit or to the thermocouple
temperature or may remain as a parameter to the fit.

Results

Figure 2 shows LIF results for a scan taken in a
sealed xenon spectrum tube for the 6s[3/2]3 —6p[3/2],
(823.2 nm) transition. The output of the curve fitting
procedure is overlaid onto the data with the fit residual
displayed below it. The Voigt 'a' parameter of 0.24 is
representative of all discharge conditions investigated and
illustrates the dominance of Doppler broadening for this
transition. The resulting Doppler halfwidth implies a
kinetic temperature of 325 K in the discharge.

Corresponding LIF results for the
6s[3/21) —6p[1/2], (828.0 nm) transition are shown in
Figure 3. Ty;, was fixed at 325 K from above for this
fit. A much higher Voigt 'a’ parameter here demonstrates
the importance of resonance broadening for this
transition. In Figure 6, LIF data taken at three different
discharge pressures are displayed to illustrate the
dependence of the resonance broadening on pressure.

Measurements of both lineshapes were taken at five
different discharge conditions. At one condition, 2.7 torr,
an extra measurement of the 6s[3/2]) —6p{1/2],
lineshape was made to give an idea of the scatter in
consecutive measurements. The second scan was taken
with a higher time constant and a correspondingly longer
scan time.

Table 1 presents the results for the temperature from
three different sources: Avp from the curve fits of the
6s[3/2]5 -6p[3/2], and 6s{3/217 —6p[1/2]y
lineshapes, and the thermocouple measurement of the
wall temperature. Also given for each condition are the
Voigt 'a' parameter result from the curve fit of the
6s{3 /2] —6p[1/2], lineshape and rough indications of
the signal-to-noise (S/N) ratios of the lock-in amplifier
output for each scan.

The discrepancy in temperature is the largest
uncertainty in determining the resonance broadening. The
statistical errors in the fits are in general smaller than the
size of the markers in Figure 7 which displays the results
for Av, for the 6s[3/2]] —6p[1/2], transition. With
the ideal gas relation, Ty;, must be used to convert the
pressure to number density for this figure. For the 0.3,
0.9 and 1.5 torr measurements, the Voigt ‘a’ parameter
for this transition is low enough for the lineshape to give
a reasonable measure of Ty;,. So for one set of points in




Table 1. Temperature measurements.

__p _ (tomm) 03109 115127127140

T3in(823) (K)| 323 | 331 | 370 288 379
Ty;,(828) 297 | 302 | 288 | 268 | 259 | 172

Twall 291 | 294 | 298 | 299 | 297 | 296
agog 0.2 1038042096} 099 1.1
SN823 l100] s0 | 12 50 25

S/N 828 200 [ 100 | 20 | 36 | 100 | 50

Figure 7, Ty;, was a parameter to the fit of the
6s[3/2]7 —6p[1/2], lineshape at 0.3, 0.9 and 1.5 torr.
At 2.7 and 4.0 torr, the temperature in the fit was set at
the wall temperature. For the second set of points, Txin
was set to the result from Avp of the
6s[3/2]3 —6p[3/2], lineshape for all discharge
conditions. In each case, the temperature used in the fit is
also used to convert the pressure to number density. The
result from resonance broadening theory is included as the
solid line intersecting the natural linewidth at zero
density. A parabolic curve fit of the data, weighted
according to the signal-to-noise ratio, is also included to
give an idea of the trend.

Discussion

From Figure 2 it is evident that the structure of the
6s[3/2]3 ~6p[3/2], transition is well understood. The
residuals are all within 1% of the peak height. This
understanding translates into a very accurate modeling of
the measured LIF lineshape. This is necessary since
plasma parameter determination is very sensitive to the
lineshape. The kinetic temperatures measured with this
lineshape agree to within 10% with those using the
6s[3/2] —6p[1/2], transition and with the
thermocouple measurement for the 0.3, 0.9 and 2.7 torr
discharge operating conditions (Table 1). However they
agree less well at the 1.5 and 4.0 torr conditions. At
these conditions, the LIF signal was notably more noisy
(see Table 1). The accuracy of the temperature
measurement is seen to be very dependent on the quality
of the LIF signal. The discharge power is greater at higher
pressures to provide adequate signal so more discharge
heating should be expected. But, considering that the wall
temperature does not increase significantly and that the
higher quality 2.7 torr trace agrees with the wall
temperature, it is unlikely that the kinetic temperature of
the xenon atoms in the discharge is as elevated as the
6s[3/2]; ~6p[3/2], lineshapes at 1.5 and 4.0 torr
suggest.

The temperature resulting from the curve fitting
procedure has been found to be very sensitive to small
disagreements in the positions and relative heights of the
three larger outlying peaks in the 6s[3/2]3 —6p[3/2],
lineshape. These discrepancies cause the curve fitting
procedure to incorrectly alter parameters in searching for
the minimum of y2 (sum of residual points squared). To
mitigate this effect, the relative positions of the major
line making up each of these three outlying peaks is
shifted in the fit procedure to match the data. It has been
found that the line at 0.054 cm-! generally needs to be
shifted 0.5-1.5% outward; the line at -0.071 cm-!, 0.9-
1.8% outward; and the line at -0.043 cm-!, 0.2-1%
outward. The consistent component of these required
shifts may be a result of a small error in the constants for
the calculation of the hyperfine splitting, in the free
spectral range of the interferometer, or a combination of
these two effects.

The hyperfine line separation for the
6s[3/21) —6p[1/2]), transition is less than the
broadening circumventing the problems described in the
previous paragraph. The confidence in the accurate
modeling of the lineshape can be transferred over from the
6s[3/2]3 —6p[3/2], transition as well as being taken
from the results in Figures 3 and 6. Figure 3 shows curve
fit residuals of less than 1% again demonstrating the
accurate modeling of the lineshape. The lineshape for
0.3 torr in Figure 6 reveals some of the underlying
structure displaying the agreement with the hyperfine line
positions. The lack of peak separation makes the curve
fitting of the 6s[3/2]) —6p[1/2], transition much less
sensitive to small errors in the relative line positions and
heights. This translates into excellent agreement of the
kinetic temperature measurement from its Doppler
halfwidth with the discharge wall temperature (Table 1).
Where Doppler broadening is dominant, 'a'<0.5, these
two temperature measurements agree to within 5%. As
the Voigt 'a’ increases, signaling the growing
predominance of resonance broadening, the merit of the
temperature from the Doppler broadening decreases. This
becomes evident for the 2.7 torr case and especially for
the 4.0 torr case.

The resuits for the Lorentzian halfwidth in Figure 7
exhibit a departure from the resonance broadening theory.
Taking the temperature measurement results into account,
the higher quality traces (0.3, 0.9 and 2.7 torr) are
probably conservatively correct to within 10% with the
noisier conditions (1.5 and 4.0 torr) producing less
accurate halfwidths. The relative difference on Figure 7
resulting from using alternate temperature measurements
gives an idea of the quality of the signal. For the higher
quality signals, using the alternate temperature
measurement makes only a small difference in the




position of the data point. The large change in the result
for the noisier lineshapes from using the temperature
from the 6s[3/2]5 —6p[3/2], Doppler halfwidth is a
manifestation of their poor quality. The agreement of the
two consecutive measurements of the
6s{3/2]} —6p[1/2]p Lorentzian halfwidth at 2.7 torr
demonstrate the reproducibility of the measurement if
there is adequate signal.

At the lower number densities the Lorentzian
broadening is in agreement with the theory within the
uncertainties of the measurement. But, the data at higher
densities indicate that the resonance broadening becomes
nonlinear with measured halfwidths being less than that
predicted by the theory. This trend is shown.in Figure 7
by the dashed line.

Nonlinearities in measured resonance broadening
have been previously reported. Lindsay et al. found that
the resonance broadening in neon is linear up to densities
of 2x1023 m-3 but becomes nonlinear at higher densities
in a manner similar to the xenon data presented here.!1
Lindsay et al. also report an indication of a nonlinearity
for helium beginning at a higher number density than for
neon.11,10 A

One of the explanations that Lindsay et al. propose
for the nonlinearity is the breakdown of the validity of the
impact approximation upon which the low pressure
resonance broadening theory (Equation 4) relies. The
impact approximation is often used at much higher
pressures than encountered here for broadening from the
van der Waals forces. However the resonarice interaction
is a much longer range interaction.

The impact approximation is valid when the
collision duration is much smaller than the time between
collisions or:0

1
Av, << N/3'\"' O

with Ve«M™3. As the atomic mass increases, the
impact approximation becomes less valid. This would
suggest, as was observed, that the nonlinearity for neon
would occur at lower number densities than for
helium.11-10 It would be expected that the approximation
would break down at number densities a factor of

M —
} XeMNe="13lam%Oamu‘2~6 lower than the

breakdown point for neon, at about 0.8x1023 m-3. This
is in rough agreement with the data in Figure 7. This
suggests that the breakdown of the validity of the impact
approximation is a reasonable explanation for the
nonlinearities observed.

Another explanation Lindsay et al. propose is a non-
Maxwellian velocity distribution for atoms in the
resonance state: the state probed by LIF. This is not

apparent from the temperature results for this transition.
With the exception of the 4.0 torr condition, the
measured Doppler widths imply kinetic temperatures for
atoms in the resonance state which agree well with the
wall temperature. Furthermore, the curve fits of the
6s[3/2]7 —6p[1/2], transition result in Doppler widths
lower than expected at the higher number densities. This
should cause the resulting Lorentzian halfwidth to be
slightly larger--not smaller--than in actuality. So a non-
Maxwellian velocity distribution cannot explain the
nonlinearities observed.

Conclusions

The small data set taken for the resonance
broadening of the xenon 6s[3/2]f — 6p{1/2]y transition
indicates a nonlinearity of the Lorentzian halfwidth at
number densities greater than about 0.5x1023 m-3. This
is in disagreement with the low pressure resonance
broadening theory which is based upon the impact
approximation. But, the nonlinearity is consistent with
previous investigations into the resonance broadening of
the lighter inert gases. The breakdown of the validity of
the impact approximation is found to be a possible
explanation for the observed nonlinearity. At lower
number densities, the broadening here is found to be in
agreement with the theory within the uncertainty of the
experiment. To further test the low pressure resonance
broadening theory, more data should be taken at number
densities on the order of 1022 m-3. The predominance of
Doppler broadening at these densities would, however,
affect these results.

The more complicated structures of the xenon
lineshapes make linewidth measurements necessarily
more difficult and less precise than for the lighter inert
gases. An understanding of the underlying hyperfine
splitting and the appropriate broadening mechanisms has
been translated into an ability to accurately model the
lineshapes. This has led to the determination of plasma
parameters from the information contained within the
complex lineshapes.

It is found that the accuracy with which the
linewidths can be measured can be seriously compromised
by an increased amount of noise in the data trace. The
separation of the 6s[3/2]3 —6p[3/2], lineshape into
distinct peaks makes it especially prone. But, for a high
quality trace, this transition has been shown to produce
kinetic temperature measurements with about a 10%
accuracy.

Kinetic temperature measurements using the
6s[3/2])0 —6p[1/2], lineshape in the regime where
Doppler broadening is predominant have been found to be
more accurate. The lack of separation of the lineshape




into distinct peaks makes it less sensitive to small
irregularities in the data. In electric propulsion devices,
the kinetic temperatures are higher than those encountered
in this study and the pressures are lower, making
resonance broadening insignificant. Stark broadening may
be more significant in these environments but both
transitions will be similarly affected. This would make
the 6s[3/2]} —6p[1/2], transition a more appropriate
choice for use in measurements on electric propulsion
devices.
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Figure 1. Xenon energy level diagram.
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LASER-INDUCED FLUORESCENCE MEASUREMENTS
WITHIN AN ARCJET THRUSTER NOZZLE -

P. Victor Storm” and Mark A. Cappelli'

High Temperature Gasdynamics Laboratory
Department of Mechanical Engineering
Stanford University
Stanford, California, USA

Abstract

An investigation of the feasibility of laser-induced fluorescence (LIF) measurements within the nozzle of a 1 kW
class radiatively-cooled hydrogen arcjet thruster is presented. Calculations of the fluorescence signal, signal-
to-background ratio and fluorescence saturation limits indicate that LIF of the atomic hydrogen Balmer-alpha
transition is attainable to within a few millimetres of the nozzle throat. Fluorescence measurements were
performed with an Ar'-pumped cw ring dye laser using DCM dye. Axial velocities were determined from the
Doppler shift of the H, linecenter; however the limited scanning range of the dye laser did not permit the
accurate determination of atomic hydrogen translation temperature. Velocity profiles are presented along the
arcjet centerline and radially at the exit plane and three axial positions within the nozzle. Translation
temperature was measured at the exit plane. The results demonstrate that LIF is a feasible means of measuring

velocity, and potentially temperature, in the plasma flowfield within the thruster nozzle.

1. Introduction

As arcjet thrusters have advanced from laboratory
devices to in-flight operational thrusters for satellite
north-south station-keeping, there has been a
significant increase in interest in improving arcjet
efficiency and operating range. These improvements
will be obtained primarily through advanced
analytical modeling of arcjets; however, the validation
of the models can only be performed by comparison
with experimental measurements of operating
parameters and plasma properties. During the past
several years a number of optical diagnostics have
been developed to investigate properties in the plasma
plume of the arcjet. Among these diagnostics, laser-
induced fluorescence (LIF) has proven to be very
useful due to its linearity, very good spatial resolution
and specie specific nature. Plasma plume properties
have been measured using LIF on a number of
different arcjet propellants. Liebeskind et. al!
measured atomic hydrogen temperature and velocity
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at the exit plane of a 1 kW hydrogen arcjet thruster.
The same group investigated slip velocity in the
plasma plume by performing LIF on helium in a
helium-seeded hydrogen arcjet”> Ruyten and Keefer’
measured velocity in an argon plume of a 0.3 kW
arcjet, and Ruyten et. al.* performed LIF on atomic
hydrogen and nitrogen to measure velocity in 2 1 kW
arcjet plume using simulated ammonia as the
propellant. Recently, Pobst et al.’> measured ground
state atomic hydrogen density, temperature and
velocity profiles at the exit plane of a 1 kW hydrogen
arcjet using pulsed two-photon LIF.

Although LIF has been successfully applied as a
plasma plume diagnostic, it has never been used to
investigate plasma properties within the arcjet due to
geometric constraints and reduced signal-to-
background ratios. To date, only emission has been
used as an optical diagnostic to probe the nozzle
interior. By observing the emission through small
holes in the anode, Zube and Myers® obtained
rotation, vibration and excitation temperatures as well
as electron number densities at a few axial locations
within 2 1 kW arcjet running on a propellant of
simulated hydrazine. Hargus et al.” performed similar




measurements on a 30 kW arcjet with ammonia as the
propellant. Using quartz glass rings rather than holes
in the anode, Tahara et al® performed a
comprehensive study of the emission from the interior
of a 10 kW water-cooled nitrogen arcjet thruster. A
few emission studies have been performed in the
constricted arc region of the thruster. Glocker and
Auweter-Kurtz® observed the emission through a
small quartz window in the nozzle throat of a 10 kW
hydrogen arcjet. Abel-inverted profiles of electron
temperature and atomic hydrogen excitation
temperature were obtained from the continuum and
hydrogen line emission, respectively. Zube and
Auweter-Kurtz'® extended this study to simulated
hydrazine propellant and included electron number
density measurements from the linewidth of the
Balmer-beta line. By investigating the emission along
the axis of the arcjet, Storm and Cappelli measured
electron number densities in the near-cathode region
of 1 kW and 5 kW hydrogen arcjets.'"'?> A summary
of arcjet interior diagnostics is given in Ref. 13.

This paper describes a preliminary investigation of
the use of laser-induced fluorescence for spatially
resolved velocity measurements within a 1 kW
hydrogen arcjet nozzle.  The arcjet operating
conditions have been chosen to facilitate a comparison
between these measurements and arcjet modeling
results of Butler et. al."* A few measurements of
velocity and temperature were performed at the exit
plane for comparison with previous LIF“’ and
emission'> measurements performed at the exit plane
of the same or a similar arcjet.

II. Fluorescence Modeling

To determine the potential applicability of laser-
induced fluorescence to the plasma in the interior of
the arcjet nozzle, several calculations have been
performed. The LIF signal intensity from the Balmer
alpha transition in atomic hydrogen was simulated at
different axial positions in the arcjet. A collisional-
radiative model of atomic hydrogen was developed
which includes stimulated emission and absorption
terms on the H, transition, as well as the usual
collisional and spontaneous radiative terms on all
transitions.  The model, without the stimulated
emission terms, is described in detail in Storm and
Cappelli;11 therefore only the additional stimulated
emission terms will be described here. Rate equations
for the n=2 and n=3 excited states contain, in addition
to those terms described in Ref. 11, stimulated terms
of the form n,B3/;(A) and n3B;,1,(x) where B,; and
B;, are the Einstein B coefficients on the H,

ransition, and /(A) is the incident laser intensity. The
simulations were performed at the unshifted linecenter
of the H, transition, A=656.28 nm. Laser beam
properties were taken to be those of a typical cw ring
dye laser pumped by a 5 W Argon ion laser. A beam
waist of 200 um and laser power of 10 mW to 500
mW at line center were assumed.

The effect of the stimulated emission terms in the
collisional-radiative model is to raise the n=3 number
density above that which would exist in the absence of
these terms. This excess n=3 population determines
the strength of the LIF signal relative to the
background emission from the same volume of
plasma. However, to estimate a realistic LIF signal-
to-background ratio, the background emission is
scaled by an effective optical path length, which was
taken to be the diameter of the nozzle. The diameter
was originally chosen because the initial intention was
to observed the LIF signal through holes in the side of
the nozzle. This estimate would result in a worst-case
signal-to-background prediction since in reality the
emission falls of quickly away from the arcjet
centerline. The simulated LIF signal-to-background
ratio is shown as a function of axial position and laser
power in Figure 1. The axial position is defined to be
zero at the arcjet exit plane and negative towards the
nozzle throat. As expected, the higher emission in the
interior of the arcjet results in a much reduced LIF
signal-to-background ratio than at the exit plane.
Even at the exit plane, however, the signal-to-
background ratio is still below unity, which is the
reason why the laser beam is mechanically chopped
and phase sensitive detection is used in practice.
Since a typical lock-in detection system has a dynamic
reserve of approximately 60 dB (signal-to-noise ratio
of 10‘3), one should therefore expect to detect the LIF
signal as far as 8 mm into the nozzle with a typical
laser power of 100 mW.

Apart from the signal-to-background ratio, two
other critical issues include the signal level itself and
the saturation limit. The LIF signal intensity was
calculated from the excess n=3 population describe
above. The results are shown as a function of axial
position and laser power in Figure 2. The signal
intensities are normalized to unity at the exit plane for
the 500 mW laser power case. Due to the increased
quenching rate at the higher pressures experienced in
the nozzle interior the LIF signal drops.

Measurements performed by Liebeskind et al. at the
exit plane with a 30 mW laser power indicate that
signal levels two orders of magnitude smaller may be
detectable.® This would indicate_ that fluorescence
measurements could feasibly be made up to 8 mm into




the nozzle interior, close to the axial position where
the signal-to-background limitation begins. ~With
higher laser power the measurements may be extended
inward toward the throat, provided that saturation is

not reached.

The calculated saturation behavior at the exit
plane and at z = -8 mm is demonstrated in Figure 3.
Note that the LIF intensities for the latter axial
position have been increased by a factor of 200 to
show both curves on the same plot. This figure
clearly shows that while saturation at the exit plane is
reached well below a laser power of 50 mW, the onset
of saturation is significantly delayed in the arcjet
interior and is not evident up to a laser power of
almost 200 mW near the constrictor. This indicates
that increased laser power may be used in the nozzle
interior to help offset the loss of LIF signal intensity
and the reduced signal-to-background ratio.

III. Experiment

The experimental setup is shown in Figure 4. The
vacuum facility consisted of a 1.09 m x 0.56 m
diameter stainless steel chamber pumped by two
mechanical pumps and 1250 CFM blowers through 15

cm pipe.
The fluorescence excitation laser was a Spectra
Physics model 380A cw ring dye laser pumped by a

Spectra Physics Stabilize 2016 argon-ion laser in .

multi-line mode. The dye laser was operated with
DCM dye which has broad absorption and emission
bands centered around 500 and 650 nm, respectively,
making this dye particularly suitable for the Balmer
alpha excitation of hydrogen at 656.28 nm. Dye laser
output up to 200 mW was obtained with a pump laser
power of 4 W in all lines. Scanning the ring dye laser
was performed with a tunable, piezoelectrically driven
intracavity etalon.  The high voltage to the
piezoelectric was supplied by a Burleigh model
RC-43 programmable ramp generator. The maximum
scanning range was 75 GHz, or approximately 0.1 nm;
however, in practice this was reduced by roughly 30
percent due to laser mode instability. Scanning of the
dye laser could not be performed continuously.
Instead, the laser jumped axial modes, at 200 MHz
spacing, as the etalon was being scanned. This,
however, was inconsequential as the axial mode
spacing was considerably less than one percent of the
H, linewidth.

A fraction of the excitation laser beam from the

dye laser was split off and sent to a Thorlabs model
PDASO photodiode detector and a Burleigh model

WA-10 wavemeter to monitor the laser intensity and
wavelength. The main beam was expanded to
approximately 40 mm in diameter by a -25 mm focal
length (f1.) plano-concave lens and then collimated
using a2 750 mm fl. achromat lens. The collimated
beam was then focused at the arcjet using a 700 mm
f.l. achromat. Optical access was provided by a 76
mm diameter quartz window on the endplate of the
chamber, aligned axially with the arcjet. By
expanding the beam before focusing, the Gaussian
beam waist was reduced to 15 pm, and the depth of
focus was 0.50 mm. The laser was directed axially
into the plasma in order to probe the interior of the
arcjet nozzle and to use the nozzle as a beam dump.
As a result of the axial excitation, the axial velocity
component was measured from the Doppler shift of
the line.

Two different configurations were used for the
collection optics as shown in Figure 4. For the exit
plane measurements, the collection optics axis was
aligned normal to the arcjet and excitation optics axes,
and access into the vacuum chamber was provided by
a 76 mm diameter window on the side of the chamber.
For these measurements the collection optics
consisted of a 400 mm f.l. achromat collimating lens
followed by a 600 mm f.1. achromat focusing lens. A
20 pum field stop defined the spatial resolution in the
axial direction to be approx. 13 pm. Photodetection
was accomplished with a Hamamatsu R928
photomultiplier tube (PMT) at a cathode supply of
1000 V, enclosed in a light-tight housing. A 10 nm
bandwidth H,, interference filter was mounted to the
entrance of the PMT housing to eliminate unwanted
background light. Finally, to prevent saturation of the
PMT, a neutral density filter of optical density 2.0 was
placed in front of the field stop.

In the second configuration, used for the detection
of fluorescence within the arcjet nozzle, optical access
was provided by a 76 mm diameter window on the
endplate of the vacuum chamber, adjacent to the
window used for the excitation laser beam. In this
configuration the optical axis was aligned at 16
degrees to the beam axis. A single 400 mm fl
achromat lens was used for collection and focusing,
yielding a transverse magnification of 0.84. The PMT
and H, filter were identical to those of the previous
configuration; however to account for lower
fluorescence signal levels within the arcjet, the field
stop and neutral density filters were both changed.
The field stop was a rectangular pinhole 350 pm high
by 150 um wide, yielding a spatial resolution in the
axial direction at the arcjet of approximately 0.6 mm.
The increased height of the field stop was desired to




minimize large fluctuations in the fluorescence signal
due to laser beam steering or directional fluctuations
in the dye laser. The large size of the field stop
required neutral density filters totaling an optical
density of 3.2 to prevent saturating the PMT.

The output signal of the photomultiplier tube was
sent to a Stanford Research Systems SR850 DSP
lock-in amplifier. Since the fluorescence signal was
considerably smaller than the background emission,
phase-sensitive  detection was performed by
mechanically chopping the excitation beam near the
dye laser at a frequency of 1.5 kHz. Signal noise near
the chopping frequency was digitally filtered in the
lock-in amplifier using a low-pass filter with a time
constant of 1 s and a roll-off of 24 dB/oct. With such
a long time constant, scans across the H, line were
performed in a minimum of 100 s. Noise at the
chopping frequency, due primarily to scattered laser
light in the arcjet, could not be filtered and therefore
was the limiting factor in obtaining a fluorescence
signal. Outputs of the ramp generator and photodiode
detector were simultaneously recorded through analog
input channels of the lock-in amplifier in order to
calibrate for wavelength and normalize the scans by
laser intensity.

The arcjet, shown in cross-section in Figure 5, was
a radiatively-cooled 1 kW class laboratory type
thruster designed and built at NASA Lewis Research
Center. The tungsten nozzle consisted of a 0.635 mm
diameter, 0.25 mm long constrictor and a 12.1 mm
long diverging section at a half angle of 20 degrees.
With a design area ratio of 225, the exit plane
diameter was 9.53 mm. The tip of the 2% thoriated
tungsten cathode was originally set approximately
0.45 mm upstream of the nozzle constrictor; however,
with erosion of the cathode, this value may now be
somewhat larger.

In these experiments the arcjet was operated at a
constant power of 1.49 kW and a fixed H, mass flow
rate of 14.2 mg/s according to the factory calibration
of the mass flow controller. The background chamber
pressure was maintained at approximately 0.35 torr.
By translating the arcjet axially and radially,
fluorescence was obtained along the arcjet centerline
as well as radially at several axial positions.
Measurements were made to within 1.5 mm
downstream of the arcjet throat, at which point the
LIF signal became lost in the background of scattered
laser light.

IV. Analysis

A typical LIF scan at the arcjet exit plane
centerline is shown in Figure 6. The recorded
fluorescence signal from the lock-in amplifier was
divided by the photodiode output to account for
variations in the laser power during each scan. The
wavenumber scale was determined from the ramp
generator output and the recorded scan endpoints
from the wavemeter. As is evident in this figure, the
typical scanning range was approximately 1.7 cm™,
which was not sufficient to scan the linewings even at
the exit plane where the line is the narrowest. The
linecenter, however, could be accurately determined
by fitting the lineshape with either a Gaussian or
Voigt profile. The axial velocity is determined from
the shift of the linecenter, Av, from a stationary
reference according to

u, _Av

c VO.

The stationary reference frequency, vy, was obtained
from Liebeskind et al.!

A previous emission study of this arcjet found that
accurate plasma temperature determination based on
the Doppler width of the H, line must take into
account Stark broadening of the line.”> However, due
to the limited scanning range of the dye laser, not
enough of the linewings could be measured to
accurately fit a free Voigt profile to the measured
lineshape. This limitation precluded the accurate
determination of temperature within the arcjet nozzle,
where electron number densities have not been
measured. At the exit plane, however, electron
number density profiles have been previously
measured” and this permitted fixing the Lorentzian
component width to allow a “forced” Voigt fit of the
lineshape. This best fit is shown in Figure 6. The
Gaussian component width of the Voigt fit is directly
related to the translational temperature of the n=2
excited state of atomic hydrogen, duly taking into
account the fine structure of the H, lineshape as
described in Ref. 15.

V. Results

The saturation behavior was investigated at the
exit plane centerline and is shown in Figure 7. The
fluorescence signal shows a linear dependence with
laser power up to at least 100 mW. This measured
saturation curve can not be compared directly to the
simulated saturation curve of Figure 3 since the laser
power was measured at the exit aperture of the dye




laser and will be very different from the incident laser
power in the plasma. Nevertheless, as the simulation
demonstrated that saturation is less detrimental in the
interior of the nozzle than at the exit plane, it was
safely assumed that saturation was not a problem
below 100 mW of laser power. The exit plane and
nozzle interior measurements were performed at laser
powers of approximately 30 mW and 80 mW
respectively.

Exit Plane Measurements

Figures 8 and 9 show the measured axial velocity
and translation temperature at the arcjet exit plane.
Since this study was intended to concentrate on the
interior region of the nozzle, only a few measurements
were performed at the exit plane. These
measurements are compared to other LIF® and
emission”” studies performed on the same type of
arcjet, as well as the modeling results of Butler et al.™*

The radial profiles of axial velocity at the exit
plane display the same trends but vary between
experiments by up to 25 percent. These variations
may be due in part to the slight differences in arcjet
operating conditions or back pressures between the
different experiments. Results of the present study are
lower than the other experimental measurements, but
not out of line with the model results.

In the case of the translational temperature

profiles, the present results agree very well with both -

the arcjet model and emission measurements on the
same arcjet. The temperature measurements of
Liebeskind et al. are believed to be in error on the
high side due to neglecting the Stark broadening of
the H, line.”” It has been speculated that the two-
photon LIF measurements of translation temperature
of Pobst et al. may be lower due to translational non-
equilibrium between the ground state and first excited
state of atomic hydrogen at the exit plane.’

Axial Measurements

Measurements of axial velocity as a function of
axial position along the arcjet centerline are given in
Figure 10. As was previously stated, the axial
position is defined as zero at the exit plane and
negative into the nozzle. The centerline velocity is
seen to drop monotonically from a peak of
approximately 17.5 km/s at 1.3 mm downstream of
the throat to around 12 km/s at the exit plane. Since
no other measurements of velocity have been made
within the arcjet nozzle, the results are only compared
to the arcjet model of Butler et al, including an
older version of the model which did not incorporate
mass diffusion. There is remarkably good agreement

between the measurements and the model which
includes diffusion, indicating the importance of mass
diffusion in the modeling work. More evidence to
support this conclusion can be found in Ref. 17. The
only significant discrepancy between the model and
measurements appears in the three data points closest
to the throat of the arcjet. It is here where the
measurements have the largest uncertainty due to the
loss of LIF signal and the increased background noise.

As explained above, the translational temperature
could not be determined accurately within the arcjet
nozzle due to the Stark broadening of the H,
transition. Nevertheless, for the purpose of interest,
“uncorrected” temperatures were determined by
neglecting the Stark contribution to the linewidth and
assuming the measured FWHM to be entirely Doppler
broadened. The results are presented in Figure 11
along with the modeled temperatures. Although one
should not attempt to read too much into this
comparison, it is interesting to note that these
uncorrected temperatures display the same axial trend
as the modeled temperatures.

Radial Measurements

Radial profiles of the axial velocity were measured
at three axial positions within the nozzle, (-2.54,
-5.08, -6.35 mm) and are shown in Figure 12. The
LIF signal intensities drop off very fast with radial
position, indicating a rapid radial decrease in the n=2
excited state number density. This loss in signal
restricted the measurement domain to within
approximately 2 mm of the arcjet centerline. The
dashed lines in the figure are the model results at the
same axial locations as the measurements. The
measurements and the model show remarkably good
agreement, although the measured velocities are
somewhat greater than those of the model away from
the arcjet centerline. The results indicate that while
the centerline velocity decreases axially, the axial
velocities away from the arcjet centerline increase
with axially position. Since most of the mass
convection occurs in the outer region, the total kinetic
energy of the flow is clearly increasing downstream,
as expected.

VI. Summary and Conclusions

A feasibility study was performed to investigate
the use of laser-induced fluorescence as a diagnostic
technique to measure velocities and temperatures
within an arcjet nozzle. The fluorescence of the Hy
transition of atomic hydrogen was simulated using a
collisional-radiative model of the plasma with




stimulated emission and absorption terms in the rate
equations for the n=2 and n=3 states. Fluorescence
signal intensity, signal-to-background ratio and
saturation behavior were calculated as a function of
laser power and axial position in the arcjet. The
results indicate that detectable signal levels and
adequate signal-to-background ratios are achievable
along the axis of the arcjet up to a few millimetres of
the nozzle throat. It was shown that saturation was
less detrimental in the arcjet interior than at the exit
plane, thereby permitting an increase in laser power to
offset the loss of LIF signal.

Laser-induced fluorescence measurements on the
H, transition of atomic hydrogen were performed at
the exit plane and within the nozzle of a 1 kW arcjet.
The laser excitation system consisted of an Ar*-
pumped scanning ring dye laser with DCM dye
producing up to 200 mW of cw output at 656.28 nm.
Axial velocities were determined from the Doppler
shift of the linecenter relative to a stationary
reference. Translational temperatures were obtained
at the exit plane by fitting the measured LIF
lineshapes with Voigt profiles whose Lorentzian
components were fixed by previously measured
electron number densities.!””> Due to Stark broadening
of the H, line, accurate translational temperature
measurement within the nozzle could not be
performed.

Measurements of translational temperature at the
arcjet exit plane are in very good agreement with the
arcjet model and previous emission measurements.
Discrepancies exist, however, with the other LIF
temperature measurements, but explanations have
been suggested based on differences in the
measurement or analysis technique. Measurements of
axial velocity at the exit plane are in reasonable
agreement with the model and previous LIF
measurements, considering the slightly different
operating conditions: power, propellant mass flow,
tank back pressure, and perhaps arcjet throat diameter
and cathode gap.

Axial velocities were measured along the axis of
the arcjet from the exit plane to within 1.5 mm of the
nozzle throat. These measurements agree very well
with the arcjet model and suggest that mass diffusion
Is an important process to be included in the model.
The axial velocities were also measured as a function
of radial position at three axial locations in the nozzle
and were found to be in good agreement with the
model results.

The use of laser-induced fluorescence as a
diagnostic for measuring axial velocity within the

nozzle of a hydrogen arcjet thruster has been
demonstrated. Improved scanning capabilities may
provide better lineshape resolution, leading to the
determination of atomic translational temperature and
perhaps electron number density in the expanding
plasma. Plans are underway to perform a more
comprehensive study to map the velocity flowfield at
various arcjet specific energies.
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Figure 1. Simulated signal-to-background ratio on the
arcjet centerline for various laser powers. The axial
position origin is at the arcjet exit plane and negative
position indicates into the arcjet nozzle.
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Pressure Measurements in the Plume
of a Low Power Arcjet Nozzle

William A. Hargus, Jr." and Mark A. Cappelli*
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Abstract

Pitot pressure measurements were performed for both cold and arc heated flows with several probe
geometries. Resulting measurements were compared to numerical models available in the literature.
These models included a direct simulation Monte Carlo model (DSMC) of cold flow and a
magnetohydrodynamic (MHD) model of arc heated flow. Cold flow pitot pressures exhibited complex
behavior not completely described by the model. Since differing probe geometries resulted in variations
of certain flow features, some of the observed phenomena may be due probe-flow interactions and, or
rarefied gas effects. The ability to locate a shock in the plume both predicted by the DSMC model and
previously observed by Raman spectroscopy, shows that the cold flow probes were capable of resolving
major flow features. The pitot pressure measurements of arc heated flow agreed well with the results
calculated from the MHD model, but corrections for rarefied flow would indicate that the model over
predicts temperature. In addition, plume center line temperatures were determined from pressure
measurements using laser induced fluorescence velocity data available in the literature.

Introduction

Due to their high specific impulse and
moderate thrust levels, arcjet thrusters are
playing an increasing role in satellite propulsion.
Existing and planned applications include arcjet
thrusters for stationkeeping and on-orbit
maneuvering. Low power hydrazine arcjets are
now in use on the TelStar IV class of
communications satellites and the first space test
of a high power arcjet will be launched in 1996
under the Air Force ESEX program [1,2].
Arcjet technology is steadily improving as our
understanding of the physics governing their
operation increases. Efforts that combine both
experimental and theoretical studies are
necessary in order to build reliable models of
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arcjet performance that can be then used as
design tools for next generation thrusters.

These next generation thrusters will extend
the envelope of low power arcjet operation to
higher specific impulse. This paper is motivated
by the need to measure arcjet flow properties
that can be used to verify the predictions of
performance models. In this paper, we discuss
the results of pitot pressure measurements in the
plume of a low power arcjet thruster.

There have been only a few reported studies
that have used pitot probes to understand the
behavior of electrothermal thruster plumes. A
study performed by the McDonnell Corporation
in the 1960's examined the impact pressure on a
pitot probe in the plume of several 30 kW class
hydrogen arcjets [3]. A more recent study by
Penko, et al., examined the pl-:me of a nitrogen
resistojet with a pitot probe for verification of
direct simulation Monte Carlo (DSMC) and
Navier Stokes continuum models [4]. To our
knowledge, no such measurements have been
published on low power hydrogen arcjets.
Therefore, pressure measurements with several




pitot probe geometries were performed for both
cold and arc heated flows in the plume of a low
power arcjet. The results were compared to
arcjet models available in the current literature.
These include DSMC calculations [5] for
unignited (no arc) hydrogen flow, and a
magnetohydrodynamic (MHD) continuum
model [6] for ignited flow in an arcjet of the
same geometry. These results also complement
the many non-intrusive spectroscopic studies
that have been performed on this low power
hydrogen arcjet plume that have provided
measurements of velocity [7-9], translational
temperature [7,10], rotational temperature
[5,11], and hydrogen number density [5,11].
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Figure 1. Test facility and experimental setup.
The arcjet is mounted on a two-axis translation
system with the probe mounted on a third.

The thruster and Stanford arcjet facility
have been discussed in detail elsewhere in the
literature [7-11], and they are only briefly
described here. The arcjet used here is the
standard 1 kW class NASA Lewis thruster [12],
operating on hydrogen for this study. The
nozzle has a 0.64 mm throat diameter with a 20°
expansion half angle and an area ratio 225. The
arcjet was mounted on a two-axis translational
system within a 0.6 meter diameter, 1.1 meter

long vacuum tank. The vacuum facility was
evacuated by two Roots blowers backed by
mechanical roughing pumps for a combined
pumping speed of 1200 I/s. In order to take
measurements throughout the volume of
interest, the probe was mounted on an additional
translation stage. The mass flow for all tests
was measured by a Unit Instruments hydrogen
calibrated mass flow controller.

Experimental Set Up

As shown in Figure 1, the arcjet was placed
on a mount providing vertical and horizontal
motion. Motion in the remaining radial axis was
provided by placing the pitot probe on a third
translation stage. The pressure within the pitot
probe test volume was measured by use of a 0-
17,000 Pa MKS capacitance manometer. All
three translation stages and the pressure sensor
were computer controlled and monitored. The
result was a near automation o